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ABSTRACT 
Land Use Dynamics and Implications for Water Management in the  
Urbanizing Wasatch Range Metropolitan Area of Utah 
by 
Enjie Li, Doctor of Philosophy 
Utah State University, 2017 
 
Major Professor: Drs. Joanna Endter-Wada & Shujuan Li 
Department: Environment & Society 
 
Landscapes are key constitutive parts of social-ecological systems, especially in 
urbanizing regions. Today, under climate change and continuous population growth, 
Utah’s most urbanized region, the Wasatch Range Metropolitan Area (WRMA) of 
northern Utah, is facing challenging land use planning issues. Understanding the patterns 
and trends of land use changes is an important first step to address these emerging land 
use challenges. In this dissertation, I and chapter co-authors: (1) characterized the 
historical urban growth based on urban expansion rates, urban population densities, urban 
growth patterns and development trajectories between 2001 and 2011; (2) measured and 
compared changes in landscape patterns of both irrigated and non-irrigated agricultural 
lands from 1986 to 2015; and, (3) developed alternative future land use scenarios and 
simulated future urban growth under each of these scenarios. The overarching goal of this 
dissertation is to provide quantitative measurement of Utah’s landscape transformation 
and a science-based foundation for crafting successful land use policies for the future.  
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We concluded that there are important variabilities between and within each of 
the ten counties in the WRMA in terms of how and where past urban growth occurred. 
Thus, it is important to develop contextualized and localized growth management plans. 
An important element of the WRMA’s past urban growth was the significant loss of 
agricultural lands. Our study suggests that Utah’s agricultural lands will be at great risk 
of being converted to new urban development if no further actions to protect them take 
place. Also, irrigated agricultural lands appeared to be more vulnerable to urbanization 
than non-irrigated agricultural lands. When it comes to the WRMA’s future land use, we 
suggest increasing urban density and land use efficiency are keys to addressing the 
WRMA’s future urban growth issues without sacrificing additional farmland and 
wetlands, especially since several counties at the heart of the region are reaching the 
limits of their capacity for future urban expansion. Additionally, agricultural lands 
preservation and wetland preservation demands political attention and actions to steer and 
shape the existing urban growth trajectories.  
 
(161 pages) 
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PUBLIC ABSTRACT 
 
Land Use Dynamics and Implications for Water Management in the  
Urbanizing Wasatch Range Metropolitan Area of Utah 
Enjie Li 
 
Utah is one of the fastest growing states in the USA. Utah’s Wasatch Range 
Metropolitan Area (WRMA), where 80% of Utah’s population resides, is growing at 
unprecedented rates and has seen extensive urban landscape transformation in the last 
half century. Many of Utah’s agricultural lands, grasslands, and wetlands have been 
transformed into urban areas during this time. Local residents have watched and 
experienced these changes to their local environment, but without a clear understanding 
of the processes and impacts of urbanization. It is not until we study these landscapes 
from a spatial perspective and the time scale of decades that we can begin to measure the 
changes that have occurred and predict the impact of changes to come if current 
trajectories continue. In this dissertation research I worked with my research colleagues 
to provide a comprehensive analysis of the WRMA’s past land use changes and future 
land use trends. In doing so, we: (1) measured the rate, the magnitude, and the process of 
past urban growth; (2) compared the changes of irrigated agricultural lands and non-
irrigated agricultural lands in relation to urban development; and, (3) predicted how 
future urban growth could occur under various policy scenarios.  
We found that several counties at the heart of the WRMA have reached the limits 
of their capacity for future urban expansion. Thus, increasing urban density and land use 
efficiency will be key aspects of addressing the WRMA’s future growth. Also, variations 
		
vi 
of growth trends exist among and within the ten counties located in the WRMA, so it is 
necessary to develop contextualized and localized growth management plans. 
Furthermore, past land use dynamics prove that irrigated agricultural lands are more 
affected by urbanization than non-irrigated agricultural lands, with evidence of increasing 
agricultural lands fragmentation. Agricultural lands have been and will likely continue to 
be the major land source for future urban development. Utah’s public has indicated it 
wants to preserve agricultural lands to maintain open space and preserve cultural 
heritage, but this will require political attention and actions focused on areas where these 
lands are particularly vulnerable in the face of urban growth trajectories. The overall 
dissertation provides quantitative measurement of Utah’s urban landscape transformation 
and a science-based foundation for crafting successful land use policies to help guide 
future growth of the WRMA. 
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CHAPTER I 
INTRODUCTION 
Conversion of the Earth’s land surface to urban uses is one of the most 
irreversible human impacts on the global biosphere (Foley et al., 2005). It hastens the loss 
of highly productive farmlands, affects energy demand, alters the climate, modifies 
hydrologic and biogeochemical cycles, fragments habitats, and reduces biodiversity 
(Seto, Fragkias, Güneralp, & Reilly, 2011). These effects have implications locally, 
regionally, and globally, and affect many aspects of Earth’s bio-physical environment. 
Today, about half of the entire global population lives in urban areas (UN-DESA-PD, 
2015). With human population continuing to grow, future urbanization presents 
challenging land use issues. Understanding the patterns and trends of land use is an 
important first step to address these emerging land use challenges (Fazal & Amin, 2011; 
Meinzen-Dick, 2007; Srinivasan, Seto, Emerson, & Gorelick, 2013). 
Utah is one of the fastest growing states in the USA (US Census Bureau, 2010). 
Utah’s estimated July 2015 population was 2.99 million (US Census Bureau, 2016). 
Projections indicate that by 2050, Utah’s population will include an additional 2.5 million 
people (Utah Foundation, 2014). New growth is expected to bring a diverse set of land 
use challenges to Utah, such as increases in needs for housing and reliable sources of 
water, and loss of agricultural lands to development (Envision Utah, 1999, 2014; Utah 
Foundation, 2014). These are particularly pressing public policy issues in Utah’s Wasatch 
Range Metropolitan Area (WRMA). The WRMA is where 80% of Utah’s population 
resides and where the future population growth most likely will occur (Envision Utah, 
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1999, 2014; Utah Foundation, 2014). Hence, research concerning past trajectories of 
urban growth in this region is valuable for informing policies and plans for the state’s 
future growth. 
My dissertation examines land use patterns and trends in Utah’s WRMA. The 
primary objectives of this dissertation study were to: (1) characterize the region’s 
historical urban growth; (2) examine the changes of agricultural landscapes under 
urbanization; and, (3) develop and simulate alternative future land use scenarios. An 
overarching goal was to provide quantitative measurement of Utah’s landscape 
transformation and a science-based foundation for crafting successful land use policies 
for the future.  
In Chapter II my co-authors and I characterized the WRMA’s historical urban 
growth in the decade of 2001–2011 based on urban expansion rate, population density, 
geographic patterns, and development trajectories. This classification process provides a 
quantitative and systematic approach to understand the WRMA’s recent historical urban 
growth trends. Also, we compared and identified the similarities and differences of urban 
growth among different counties in the region. Such analysis is critical to understand the 
spatial variations within a region. It also lays the foundation to suggest proper 
contextualized and localized growth management strategies for the region.  
In Chapter III we measured and compared changes of landscape patterns on both 
irrigated and non-irrigated agricultural lands in the WRMA from 1986 to 2015. Urban 
gradient analysis was used to assess how changes in landscape patterns are subject to 
development pressures over time. This chapter serves as the grounds to understand 
tradeoffs between development and agricultural lands changes. It is also beneficial to 
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address agricultural preservation issues in the face of competition for land in an 
urbanizing environment. 
In Chapter IV we developed three growth scenarios for Utah’s WRMA based on 
current policy discussions in the state. By using urban growth simulation models, this 
study illustrates how different scenarios affect predicted land use patterns in 2040. 
Alternative land use planning scenarios are critical in making science-based 
recommendations for future land use management and planning (Batty, 1994; 
Schoemaker, 1995; Xiang & Clarke, 2003). This chapter is valuable to understand the 
tradeoffs among different urban growth management plans and decisions.  
Overall, this dissertation provides useful information for Utah’s decision makers 
who are tasked with designing broad land use reforms, and for engineers, planners, and 
managers when addressing land use issues. Furthermore, understanding how changing 
land uses would affect the sustainability of urban and natural systems will not only be 
beneficial for Utah’s future, but will also be relevant to most growing cities in the arid 
western United States. 
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CHAPTER II 
CHARACTERIZATION OF URBAN GROWTH IN THE URBANIZING  
WASATCH RANGE METROPOLITAN AREA OF UTAH1  
1. Introduction 
Widespread concern about urban growth exists around the globe due to the high 
rate of urbanization in numerous countries and the ways it can impact public services, 
wealth distribution, the environment, and public health (Bhatta, 2010; Wilson, Hurd, 
Civco, Prisloe, & Arnold, 2003). Many scholars have pointed out that central to 
addressing urban growth-related issues is the measurement and quantification of urban 
growth over time (Bhatta, 2009; Ewing, 1997, 2008; Galster, Hanson, Ratcliffe, Wolman, 
Coleman, & Freihage, 2001; Schneider & Woodcock, 2008). Characterizing and 
quantifying urban growth through its spatial features is a commonly accepted means to 
describe and analyze the dynamics and transitions of urban landscapes (Bhatta, 2010; 
Herold, Goldstein, & Clarke, 2003; Schneider & Woodcock, 2008; Wilson et al., 2003)  
Scholars have agreed that to understand urban growth, at least four aspects of 
spatiotemporal patterns of urbanization need to be quantified: the rate of urban 
expansion, the urban population density, urban growth patterns, and the process of urban 
development (Bhatta, Saraswati, & Bandyopadhyay, 2010; Frenkel & Ashkenazi, 2008; 
Gustafson, 1998; Herold et al., 2003; Li, Li, & Wu, 2013; Liu, Li, Chen, Tan, Li, & Ai, 
2010). The rate of urban expansion is the speed with which newly urbanized areas are 
added. Urban expansion rate is highly linked to the demands and needs of cities for 
                                                
1 This chapter was co-authored with Joanna Endter-Wada and Shujuan Li 
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water, food, energy, housing and transportation (Bhatta, 2010). Urban population density 
is defined as the ratio of the total population of an urban area to its total urban land area 
(Galster et al., 2001; Gordon & Richardson, 1996; Torrens, 2008; Torrens & Alberti, 
2000), and it measures what is conceptualized as the efficiency of land use (Bhatta, 2009; 
Schneider & Woodcock, 2008; Seto & Fragkias, 2005; Torrens, 2008). The pattern of 
growth refers to how new urban areas are situated in geographic space. Three basic 
patterns are described by Wilson et al. (2003): infilling, edge-expansion, and outlying. 
Patterns of urban development greatly affect the cost of infrastructure investment and the 
efficiency of public services delivery (Ewing, 1997; Li et al., 2013; Liu et al., 2010; 
Wilson et al., 2003; Zevenbergen, Veerbeek, Gersonius, & Van Herk, 2008). Last, the 
process of growth refers to which sources of land are converted to which types of 
development. The process concept captures the features of land use transitions and is 
important to understand underlying ecological and social feedbacks in urban 
environments (Lang, Sarzynski, & Muro, 2008; Vias & Carruthers, 2005). 
Significant progress has been made in terms of quantifying urban growth; 
however, methodologies and scales are highly variable in existing studies. Most of the 
existing literature focuses on only some of the aspects of urban growth measurements 
mentioned earlier (Frenkel & Ashkenazi, 2008; Torrens, 2008). Also, most analyses to 
date have focused on individual cities or compared a small number of cities (Li et al., 
2013; Schneider & Woodcock, 2008; Torrens, 2008). Many authors have suggested that 
regional-scale growth measurements must be taken to fully recognize the relative 
attractiveness of a given location for urban growth and the convergences and variations 
among the local communities within a region (Bengston, Fletcher, & Nelson, 2004; 
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Innes, 1996; Innes & Booher, 1999; Westervelt, BenDor, & Sexton, 2011). To move the 
urban studies field forward, research that takes into consideration all four aspects of 
urban growth across a regional scale can provide greater understanding of the nature of 
contemporary urban geographies. Moreover, while urban growth is a dynamic 
phenomenon, work on urban growth measurement often uses a single temporal snapshot 
or several disconnected snapshots, rather than tracing the process of urban development 
from the perspective of identifying what kind of land is being converted to what types of 
urban uses (Baker, Everett, Liegel, & Van Kirk, 2014; Bhatta, 2010; Daniels, 1999). 
Therefore, a closer look at where and what type of land is being urbanized, and the 
resulting uses of that land within developed urban areas, will provide additional 
information to explain the urban growth phenomenon.  
In this study we analyzed historical urban growth in the ten-county Wasatch 
Range Metropolitan Area (WRMA) of Utah, USA for the 2001-2011 decade. All four 
attributes of spatiotemporal patterns of urbanization (rate, density, pattern, and process) 
were analyzed. This study fills the gaps we identified earlier and contributes to the 
existing urban geography literature. A primary objective of this study was to compare a 
diverse set of counties not only to identify similarities and differences in urban growth, 
but to characterize the nature of urbanization changes and trends across counties at the 
larger regional scale. We find that variations in urban growth at a broader scale in the 
WRMA are critical for understanding the characteristics and growth-related issues that 
are coming to define this region and its future. Additionally, information about the 
similarities and differences of various localities’ growth is critical for crafting 
appropriately-contextualized regional growth management policies and plans.  
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2. Geographic setting 
Utah is one of the fastest growing states in the USA (US Census Bureau, 2010). 
Utah’s estimated July 2015 population was 2.99 million (US Census Bureau, 2016). 
Projections indicate that by 2050, Utah’s population will likely include an additional 2.5 
million people (Utah Foundation, 2014). New growth is expected to bring a diverse set of 
challenges to Utah, such as increased needs for housing, reliable sources of water and 
energy, accessible transportation networks, air pollution strategies, and infrastructure 
investment (Envision Utah, 1999, 2014a; Utah Foundation, 2014). These are particularly 
pressing public policy issues in the WRMA (Fig. 2.1), where 80% of Utah’s population 
resides and where the future population growth most likely will occur (Envision Utah, 
1999, 2014a; Utah Foundation, 2014). Hence, understanding and measuring how Utah’s 
WRMA urban growth occurred in the recent past will serve as a baseline, contextualized 
reference point for forecasting future urban growth and thus will be a valuable asset for 
preparing for its future growth.  
For this study we defined the WRMA as a broad, ten-county region that surrounds 
the Wasatch Mountain Range east of the Great Salt Lake and Salt Lake City in Utah. This 
region encompasses four Wasatch Front counties west of the mountain range (Weber 
County, Davis County, Salt Lake County, and Utah County), three Wasatch Back 
counties east of the mountain range (Morgan County, Summit County, and Wasatch 
County), and three counties neighboring the Wasatch Front (Cache County, Box Elder 
County, and Tooele County). The four Wasatch Front counties are the most urbanized 
counties in Utah. These four counties contain Utah’s three biggest metropolitan areas: 
Provo-Orem Metropolitan Area, Salt Lake City, and Ogden-Clearfield Metropolitan 
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Area. The three counties neighboring the Wasatch Front are undergoing rapid land use 
changes from agriculture-dominated landscapes to urban development. The three 
Wasatch Back counties are known for their scenic landscapes and abundant recreational 
opportunities. This broad and diverse study area, which includes both urbanized and less 
urbanized counties, is ideal to study regional urban growth patterns and to understand the 
influence of urban growth in established metropolitan areas on neighboring urbanizing 
and semi-rural areas. 
With regard to previous analyses of urban growth in the WRMA, Ewing and 
Hamidi (2014) studied several of Utah’s metropolitan areas to measure the level of urban 
sprawl at a snapshot in the year 2010. Their study areas included Provo-Orem 
Metropolitan Area, Salt Lake City, and Ogden-Clearfield Metropolitan Area. However, a 
temporally-dynamic and spatially-explicit study to characterize and compare urban 
growth across the entire WRMA is still lacking. In terms of future urban growth 
projections, most existing studies have focused on the four most urbanized Utah counties, 
specifically, Salt Lake County, Utah County, Davis County, and Weber County (Envision 
Utah, 2007, 2014a; Utah Foundation, 2014). While it is anticipated that development will 
continue to occur in these already established Wasatch Front counties, observations 
suggest that urban growth has expanded to neighboring counties and even to the Wasatch 
Back east of the Wasatch Mountain Range (Utah Foundation, 2014). Hence, there is a 
compelling need in the state of Utah to have a more comprehensive understanding of 
urban growth trajectories, both historical as well as where future development likely will 
occur, at a broader regional scale.  
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3. Methods  
We used National Land Cover Database (NLCD) of year 2001 (Homer, Dewitz, 
Fry, Coan, Hossain, Larson, Herold, McKerrow, VanDriel, & Wickham, 2007) and 2011 
(Homer, Dewitz, Yang, Jin, Danielson, Xian, Coulston, Herold, Wickham, & Megown, 
2015) to analyze changes in WRMA urban growth. We chose to use the NLCD because it 
has high consistency and relatively detailed categorization of urban areas over time. In 
the NLCD, urban areas are classified into four categories: developed/open space; 
developed/low density; developed/medium density; and developed/high density. Non-
urban lands include grasslands, forest lands, agricultural lands, wetlands, and water. 
For urban expansion rate analysis, we calculated both the total areas of newly 
urbanized lands and the total area of internal urban intensification in each county between 
2001 and 2011. The newly urbanized lands are lands that were being converted from non-
urban to urban areas. Internal urban intensification accounts for lands that are already 
urbanized but where land use is being intensified to a higher development density level. 
Therefore, the total change of urban areas between 2001 and 2011 in each county is the 
sum of the total area of newly urbanized lands and the total area of internal urban 
intensification. 
To calculate the total change of urban areas between 2001 and 2011 in each 
county, we performed a cross-tabulation of land use classes between 2001 and 2011 (unit: 
km2). The cross-tabulation matrices show the transitions in land use classes between two 
time points; therefore, we were able to capture not only the conversion from non-urban to 
urban but also the intensification process such as transitions of: developed/open space to 
low, medium, and high density development; developed/low density to medium and high 
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density; and developed/medium density to high density. The average annual urban 
expansion rate of urban areas was calculated based on the total change of urban areas in 
each county (see Equation1). The reason to use average annual growth rate is to 
normalize the urban growth rate by the initial size of the urban areas (Schneider & 
Woodcock, 2008; Seto & Fragkias, 2005). 
Average Annual Urban Expansion Rate = 
Newly Urbanized Areas 2001-2011 + Internal Urban Intensification 2001-2011 
                   10 years x Urban Extent 2001                                                          (1) 
For urban population density analysis, we calculated the ratio of the total 
population of a county to the total extent of urban areas in the county (Galster et al., 
2001; Gordon & Richardson, 1996; Torrens, 2008; Torrens & Alberti, 2000). Total extent 
of urban areas in each county in 2001 and 2011 were obtained from the urban expansion 
rate analysis. County-level estimated population data for 2001 and 2011 were obtained 
from the Utah Governor's Office of Management and Budget (Utah Governor’s Office of 
Management & Budget, 2016). This dataset is prepared by the Utah Population Estimate 
Committee based on US census population data in the years 2000 and 2010 (Utah 
Governor’s Office of Management & Budget, 2016). This is the best available and most 
reliable dataset of Utah’s historical population at a county level.  
For urban growth pattern analysis, we adopted the framework developed by Xu 
et al. (2007), Liu et al. (2010), and Shi et al. (2012) using the Landscape Expansion Index 
(LEI) to identify and quantify urban growth patterns. LEI examines how new urban 
development is situated in space. Three types of new growth were identified through LEI 
analysis: infilling, edge-expansion, and outlying (Fig. 2.2). Infilling growth refers to new 
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growth that occurs within existing urban areas or fills the gaps between old urban 
patches. Edge-expansion growth refers to new growth that spreads or expands from the 
edges of existing urban patches. Outlying growth refers to new growth that is remotely 
situated geographically from existing urban areas (Forman 1995, Wilson et al. 2003, Liu 
et al. 2010). Figure 2.2 illustrates the three types of urban growth and the formula to 
calculate LEI. In this LEI analysis, we considered both the non-urban to urban transitions 
and the internal urban intensifications. We also calculated the area-weighted mean 
expansion index (AWMEI) in order to assess the relative dominance among the different 
growth patterns across the ten counties over the ten years (Equation 2), 
AWMEI = '()*×(-./)1*23                                                 (2) 
where LEIi is the value of LEI for a newly grown patch i, ai is the area of this new patch, 
A is the total area of all these newly grown patches, and N is the total number of newly 
grown patches. AWMEI ranges from 0 to 1. A larger AWMEI indicates a more compact 
growth pattern while a smaller AWMEI implies more of a sprawl development pattern.  
For urban process analysis, we used two years of NLCD data to quantify urban-
related land use conversions, specifically including non-urban to urban transitions and 
internal urban intensifications. In addition, we utilized US Census building permit data 
from 2001 to 2011 to analyze the outcomes of urban development in the WRMA. US 
Census building permit data are collected and prepared by the US Census Bureau (2015). 
They provide information on the number of new housing units authorized by building 
permits. The data in this dataset are recorded annually at a county level. We measured the 
cumulative number of housing development permits from 2001 and 2011 at a county 
		
14 
level under the categories of total new residential construction, total new non-residential 
construction, additions and alterations to residential buildings, and additions and 
alterations to non-residential buildings from 2001 and 2011. Residential housing types 
include single family housing, duplexes and twin homes, condominiums/townhomes, 
apartments (3 or more units), cabins, and manufactured/mobile homes/other shelters.  
4. Results  
4.1. Analysis of rate of urban expansion  
Results of the ten counties’ urban expansion rates and land use changes for 2001–
2011 (Table 2.1) show the WRMA is growing quite rapidly on an annual basis, with most 
of the growth coming from new lands being urbanized. General distinctions align with 
the subregional geographic patterns: as the WRMA’s most urbanized subregion, the 
Wasatch Front counties had the highest rates and amounts of urban land changes overall, 
followed by the Wasatch Neighboring counties and then the Wasatch Back counties.  
Among the Wasatch Front counties, Salt Lake and Utah Counties led the region’s 
urban development in overall amounts of urbanization (in terms of both the expansion 
from non-urban to urban areas and the internal urban intensification). Meanwhile, Salt 
Lake and Utah Counties showed more robust growth than Davis and Weber Counties to 
the north, indicating that growth along the Wasatch Front is concentrated in the southern 
portion of that subregion. While exhibiting the highest total changes in urban areas, Salt 
Lake County’s annual urban expansion rate was not particularly high (Table 2.1). This 
indicates that Salt Lake County was already highly urbanized and the growth rate had 
previously reached its peak. The two counties neighboring Salt Lake County had by far 
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the fastest annual growth rates in urban extent between 2001 and 2011, with 0.029- 
km2/year growth in Utah County to the south and 0.026-km2/year growth in Davis County 
to the north. This reflects spill-over effects from urban expansion extending out from Salt 
Lake County, which were facilitated by transportation improvements over this time 
period (in part due to Utah hosting the 2002 Winter Olympics).  
The three Wasatch Neighboring counties had relatively slower rates and less 
amounts of urban expansions compared to the four Wasatch Front counties. This is not 
surprising since these counties were more agricultural-orientated to begin with. However, 
it is interesting that the urban expansion rate of Cache County is almost equal to rates in 
Salt Lake County and Weber County, indicating Cache County has been expanding its 
urban footprint at the speed of some of the Wasatch Front counties. Although Cache 
County had the highest gain from newly urbanized areas in the Wasatch Neighboring 
region, there is very little internal urban intensification from 2001 to 2011. Interestingly, 
both Tooele and Box Elder Counties had much higher urban intensifications than Cache 
County did. Almost half of the total changes of urban areas in these two counties were 
internal urban intensification.  
The three Wasatch Back counties had little changes in urban extent or internal 
urban intensification relative to the rest of the WRMA counties. Among the three 
Wasatch Back counties, Wasatch County showed a higher annual expansion rate than 
Morgan and Summit Counties. Also, most of Wasatch County’s changes are from non-
urban to urban expansion, with very little amount of internal urban intensification. This is 
most likely due to the fact that the Heber Valley in Wasatch County has become a 
wealthy second-home community for people from out-of-state (Utah Foundation, 2014). 
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Although both Summit and Wasatch Counties serve as bedroom communities for the 
Wasatch Front counties, and although Park City and Heber Valley have attracted new 
development, urban expansion in the Wasatch Back is still largely contained within these 
two cities and has not yet regionalized on a larger scale within the entire Wasatch Back 
subregion.  
4.2. Analysis of changes in urban population  
density 
	
Overall, the general ranking of urban population densities across the ten counties 
remained the same (Table 2.2). In both years, the four Wasatch Front counties had the 
highest population densities, followed by Cache, Morgan, Summit, Tooele, Wasatch, and 
Box Elder Counties in the same rank order both years. In the Wasatch Front subregion, 
urban density changed little in Salt Lake and Weber Counties but increased more 
significantly in the two counties adjacent to Salt Lake County, namely Davis County to 
the north and Utah County to the south. Interestingly, three fairly low-growth and more 
rural counties, Wasatch, Tooele, and Morgan, had the greatest increase of urban 
population density despite experiencing relatively little population growth and urban 
expansion (Table 2.1 and Table 2.2).  
Figure 2.3 shows the percentage increase of population (y axis) plotted against the 
percentage increase of urban areas (x axis) between 2001 and 2011 in the ten counties. 
All of the ten counties are distributed above the diagonal line in this figure, which means 
the percentage increase of population in each county is higher than the percentage 
increase in urban areas, indicating urban densities increased in all ten counties over the 
2001–2011 decade. The result suggests that urban growth in the WMRA of Utah is 
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different from the general urban sprawl phenomena across the western United States, 
which is generally characterized by urban areas growing faster than population 
(Carruthers & Vias, 2005). 
The ten counties show variability in urban population density increases. In Weber 
County and Salt Lake County, the ratios of the percentage increase of population to the 
percentage increase of urban areas are close to 1:1. This means that the rate of population 
growth is close to the rate of its urban development, which explains why urban density 
changed little in these counties from 2001 to 2011. In Wasatch, Tooele, and Morgan 
Counties, the population growth rate surpassed its urban development rate, especially in 
Wasatch County, where population increased more than 50% while urban areas only 
increased about 14%. This also explains why the increase in density for these three 
counties between 2001 and 2011 is relatively high (Table 2.2). 
4.3. Analysis of urban growth patterns 
In general, infill growth and outlying growth are the two major urban growth 
patterns across the ten WRMA counties (Table 2.3 and Fig. 2.4). First, in terms of infill 
growth, Salt Lake County had the most infill growth in square kilometers, while Box 
Elder and Tooele Counties had the highest percentages of infill growth, which accounted 
for nearly double the percentages of outlying growth. All three of these counties (Box 
Elder, Tooele, and Salt Lake) had the highest AWMEI scores, indicating a relatively 
compact growth pattern compared with all the other counties. Second, in terms of 
outlying growth, Utah and Wasatch Counties are the only two counties where outlying 
growth was greater than infill growth. Also, Utah County had the most outlying and 
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edge-expansion growth in square kilometers. This means Wasatch and Utah Counties had 
a more sprawling and diffused growth pattern as reflected in their relatively low AWMEI 
scores. Third, the rest of the five WRMA counties (Cache, Davis, Morgan, Summit, and 
Weber) scored similar to WRMA’s average AWMEI, which means that growth patterns 
in these counties are most representative of the general regional growth pattern.  
Taking a closer look at Salt Lake and Utah Counties (Fig. 2.5), one can see the 
different patterns of growth in Utah’s two most populous counties. In Salt Lake County 
most infill growth occurred within the existing urban core, while edge-expansion and 
outlying growth patterns took place on the west side of the county, particularly in the 
southwest portion. In Utah County outlying growth expanded northward and spilled over 
towards adjoining Salt Lake County as well as into the southeast portion of the county. 
Urban growth in both Salt Lake and Utah Counties is constrained by mountains and 
National Forest lands to the east and major lakes to the west (Great Salt Lake and Utah 
Lake, respectively). Consequently, the edge-expansion and outlying growth patterns of 
urban development taking place there are primarily occurring on prime farmlands and 
moving into wetlands complexes that surround Great Salt Lake and Utah Lake.  
4.4. Analysis of the process of urban                                                                     
development 
 
Three major types of land conversions are occurring in Utah’s WRMA as part of 
urban development (Table 2.4). First, agricultural lands are being converted to urban 
areas, including lands that previously had cultivated crops (15.4% of total converted 
areas) or pasture/hay (37.3% of total converted areas). Second, lands are being converted 
from lower densities to higher densities through internal urban intensifications (16.6% of 
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total conversions), Third, grasslands are being urbanized (21.8% of total conversions). In 
five counties, agricultural lands conversions (pasture and cultivated) contributed the 
majority of lands for urban development, at 53.1% in Morgan County, 58.6% in Utah 
County, 60.5% on Weber County, 64.6% in Davis County, and 75.1% in Cache County. 
The amount of lands (km2) undergoing internal urban intensification and conversion from 
grasslands were highest in Salt Lake County, indicating a slightly different development 
pattern when compared to the other Wasatch Front counties whose urban development is 
mainly from agricultural lands use conversions. In Morgan, Box Elder, and Tooele 
Counties, this form of land conversion constituted the highest percentage. Interestingly, 
in the three less developed counties of Morgan, Box Elder, and Tooele, internal urban 
intensifications account for the highest percentages of total urban development (36.7%, 
40.4%, and 47.6%, respectively), likely due to new development occurring around or 
inside previously low density urban areas. This result is consistent with Morgan, Box 
Elder, and Tooele Counties having the highest percentages of infill growth among all ten 
counties (Table 2.3). In the two other Wasatch Back counties of Wasatch and Summit, 
grasslands conversion was the biggest source of land for urban development.  
Spatially, agricultural lands and grasslands conversions most often occurred at the 
urban fringe, while low-density to high-density urban transitions were found inside the 
existing urban core (Fig. 2.6). Notably, counties adjacent to or containing the Great Salt 
Lake (Salt Lake, Davis, Weber, and Box Elder Counties) and Utah Lake (Utah County) 
had the greatest amounts and percentages of wetlands being converted for urban 
development. Although wetlands usually are not recommended for urban development, 
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the pressure of population growth has apparently pushed development onto these less 
suitable and ecologically vulnerable locations.  
Table 2.5 summarizes building activity contributing to development patterns 
across the ten WRMA counties. Part A shows that new residential construction is the 
largest development category, while both new residential and nonresidential construction 
outpaces additions and alterations to existing buildings in all counties except Salt Lake 
and Summit. Furthermore, Part B shows that single-family housing is the most dominant 
form of residential development in Utah. More duplexes and twin homes, condominiums 
and townhomes, and apartments appear in the more urbanized Wasatch Front counties of 
Davis, Salt Lake, and Utah. Salt Lake County and Utah County outpaced all the other 
counties in building activity. While these two counties added roughly similar amounts of 
single-family housing development, Utah County added almost twice as many 
duplexes/twin homes as Salt Lake County, and Salt Lake County added almost twice as 
many condominiums/townhomes, apartments, and manufactured/mobile homes as Utah 
County. Clearly, Salt Lake County has more high-density types of residential building 
activity than Utah County. Salt Lake County also has the most additions and alterations 
to buildings among all of the ten counties, suggesting that redevelopment is a major form 
of urban development there. Noticeably, Cache, Summit, and Wasatch Counties had the 
most cabins, likely due to their natural amenity mountainous locations proximate to 
urbanized areas that makes them convenient weekend get-away locations. 
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4.5. Characterization of WRMA regional                                                                         
growth patterns 
 
The urban growth of the ten WRMA counties was measured and assessed across 
the four analyses just described: urban expansion rate; urban population density; urban 
growth patterns; and urban process. Although each of these aspects is informative and 
insightful to understand certain dimensions of urban growth, it is necessary to consider 
many indicators side by side across counties to have a comprehensive and cohesive 
understanding of the regional urban growth phenomenon. Generally, growth within the 
entire WRMA can best be described and understood by the subregional patterns of 
Wasatch Front counties, Wasatch Back counties, and Neighboring Counties to the 
Wasatch Front. The four Wasatch Front counties (Weber, Davis, Salt Lake, and Utah) 
had the greatest amount and densest patterns of urban development in the region, 
although Utah County displayed a more sprawled and lower density growth than the 
other Wasatch Front counties. The three Wasatch Back counties (Morgan, Summit, and 
Wasatch) experienced slow, low-density, and somewhat expansive growth. 
Comparatively, the three Wasatch Front Neighboring counties had more and denser 
growth than Wasatch Back counties. However, new development in Cache County from 
2001 to 2011 was relatively sprawled and encroached largely on agricultural areas. Also, 
we found that, generally, internal urban intensifications in Wasatch Back and 
Neighboring counties accounted for higher amounts of the total new urban development 
than in the Wasatch Front counties. On the contrary, in the four Wasatch Front counties, 
agricultural lands are the major land source for new urban development. This reflects the 
different urban development trajectories in the WRMA’s subregions. In Wasatch Back 
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and Neighboring counties, new urban development filled in and intensified the existing 
urban areas with mostly single-family residential buildings, while in the Wasatch Front 
counties, new urban development took place on non-urban areas with a mix of residential 
buildings and nonresidential buildings.  
5. Discussion  
5.1. Measuring urban growth—                                                                          
methodological discussion 
 
This study provides a good example of characterizing urban growth utilizing four 
different measurements: urban expansion rate, change in population density, urban 
growth patterns, and processes of urban development. We found that relying on a single 
measurement may provide an incomplete picture of the WRMA’s urban growth. For 
example, the urban population density analysis showed the Wasatch Back and Wasatch 
Neighboring counties experienced much higher population density increases than the 
Wasatch Front counties over the 2001–2011 decade. It was puzzling to explain why the 
less urbanized counties grew in this manner over the past decade. However, the urban 
growth process analysis revealed that in the Wasatch Back and Neighboring counties, 
internal urban intensifications contributed a much higher percentage of new urban 
development than in the Wasatch Front counties (Table 2.4), which explains why 
Wasatch Back and Neighboring counties have higher population density increases. For 
another example, the urban expansion rate analysis suggested that Salt Lake County and 
Utah County had almost similar amounts of new urban areas, but the urban process 
analysis suggested that Salt Lake County had much more housing redevelopment (Table 
2.5) and internal urban intensifications (Table 2.4) than Utah County did. In addition, the 
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urban growth pattern analysis (Table 2.3) showed that new urban development in Utah 
County was much more dispersed and expansive than in Salt Lake County. Combining all 
these measurements provided a better understanding of the variations between the 
WRMA’s two biggest and fastest-growing urbanized counties. Hence, we confirmed that 
the four measurements adopted in this study complement each other and explain some 
interesting and more specific contextualized changes than any one measurement alone is 
able to do.  
Also, we found that some measurements may be at variance with each other due 
to scale effects. Specifically, the urban growth pattern analysis adopted in this study is 
sensitive to the buffer size applied. This is because the concepts of infill, outlying, and 
edge-expansion growth are scale-dependent. For instance, a new residential building built 
adjacent to an existing residential building could be categorized as infill growth/edge 
expansion when a large buffer distance is applied, or could be classified as outlying 
growth when a small buffer distance is applied. Thus, the buffer size used has a potential 
effect on the outcomes of growth pattern classification. In this study we tested three 
different buffer widths (1-m, 15-m, and 30-m) to examine the sensitivity of the buffer 
size. We did not find that the buffer width significantly affected the AWMEI scores in 
each county. However, since a smaller buffer size is associated with a smaller standard 
deviation of LEI and results in a more robust LEI indicator (Liu et al., 2010), we used a 
1m buffer width in this study. Our urban growth pattern analysis indicated that infill and 
outlying growth are the two major growth patterns in the WRMA. This result contradicts 
the longstanding criticism of a lack of infill growth in the western U.S. (Farris, 2001). 
Results from our urban population density analysis also showed that urban growth in the 
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WRMA was population dense and different from the general sprawl phenomenon often 
associated with the U.S. West. This urban growth pattern is likely due to the larger 
geography and land use distribution pattern in the WRMA, where existing population 
centers are nested between steep mountains and large lakes (Great Salt Lake and Utah 
Lake) containing mostly federal and state public lands. It is highly possible that WRMA’s 
urban growth patterns and processes are different from the overall U.S. West urban 
sprawl phenomenon. However, we do not rule out the possibility that the buffer width 
may have affected the accuracy of the growth pattern classifications. Additional 
comparative research is needed to further investigate whether growth patterns in the 
WRMA are fundamentally different from other urban areas in the western U.S. and 
whether “sprawl” accurately describes a western urban regional growth pattern.  
5.2. The future of the WRMA’s urban growth 
The WRMA is where 80% of Utah’s population resides and where most of the 
state’s future population growth are projected to occur. Hence, observations regarding 
likely future urban growth scenarios is important for statewide planning efforts. Table 2.6 
shows the amount of private lands and urban areas within each of the WRMA counties in 
2011. In Salt Lake County and Davis County, urban areas have increased on about 45% 
and 60% of the total private lands. It is also visually compelling to notice that urban areas 
have begun to saturate all the private lands in these two counties (Fig. 2.7). Even under a 
very simplistic assumption that all the remaining private lands in these two counties are 
developable or suitable for development, it is striking to realize that Davis and Salt Lake 
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Counties are running short of lands on which to expand new development in the face of 
continuous population growth.  
With respect to which land source future urban growth will most likely take place 
upon given the recent trends, Table 2.6 lists the extent of agricultural and grassland areas 
on private lands in each county in 2011. It is clear that in Davis County, agricultural lands 
will be the major land source for future urban development as there is little private 
grasslands remaining in the county. Although Table 2.6 indicates that in the other three 
Wasatch Front counties and the three Neighboring counties a fair amount of private 
grasslands remains that could potentially be available for future urban development, 
spatially, these grasslands are located far away from the current existing urban areas (Fig. 
2.8). Also, as seen in Figure 2.8, except for Summit County, agricultural lands in the 
other nine counties are located around the urban fringe. This observation implies that 
agricultural lands will be the most vulnerable to conversion in future urban development. 
Furthermore, the spatial distribution of agricultural lands and grasslands (Fig. 2.8) in the 
WRMA indicates that agricultural lands will most likely continue to be the major source 
for urban development in these counties in the upcoming years. Thus, agricultural lands 
preservation will be facing difficult challenges from urban development in the WRMA. 
Based on our analysis of changes in urban population density (Table 2.2), urban 
growth patterns (Table 2.3), and urban growth processes (Table 2.4 and Table 2.5), the 
WRMA proved to have a slightly denser and more compact urban growth in the decade 
of 2001 to 2011 than we had anticipated. However, as Salt Lake County and Davis 
County run out of private lands for future urban growth (Table 2.6), compact and high-
density new growth and redevelopment will need to be encouraged to address local 
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citizens’ concern over loss of agricultural lands in the heart of the WRMA region. This 
would continue the more recent trend seen from 2001 to 2011 in both counties toward 
large amounts of redevelopment and multiple-unit housing development. But it is also 
likely that urban growth will spill over to the adjacent Wasatch Front and Neighboring 
counties as Salt Lake and Davis Counties reach their capacity for new urban 
development. In directing new urban development to other adjacent counties as part of 
the WRMA’s regional growth plan, it will be necessary to develop appropriate local 
growth management plans to support high-density new development if residents of those 
areas choose to increase the efficiency of land use and protect remaining agricultural and 
wetland areas.  
With Salt Lake and Davis Counties reaching their growth capacity, Utah County 
on the southern end of the Wasatch Front is already becoming the hub for new urban 
development, especially with the large redevelopment project occurring at the border of 
Salt Lake and Utah Counties associated with relocation of the Utah state prison. Our 
analysis results also indicate that from 2001 to 2011, Utah County had the most net gain 
of new urban areas as well as the fastest growth rate, and new development in that county 
was rather expansive and dispersed. If policymakers and citizens involved in deciding 
growth scenarios for Utah County want to promote land use efficiency, compact urban 
growth will need to be strategically promoted through public policies and economic 
incentives in order to counterbalance that county’s recent growth trajectory.  
Another important observation arising from this analysis of the entire WRMA is 
the magnitude of agricultural lands conversions at a regional scale. Table 2.6 and Figure 
2.8 show that agricultural lands are at great risk of being converted to urban development 
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throughout the entire region. Although in recent surveys most Utah residents expressed 
concerns about the loss of agricultural lands and their preferences for preserving 
agricultural heritage and landscapes (Endter-Wada, Hall, Jackson-Smith, & Flint, 2015; 
Envision Utah, 2014b), there are few policy and planning indications that agricultural 
lands will be protected from urban development. If Utah decides to preserve its 
agricultural landscapes and cultural heritage, tightened agricultural lands protection 
policies need to be put in place to steer future growth away from its current regional 
trajectory.  
6. Conclusion 
This study used analyses of urban expansion rates, densities, patterns, and 
processes to measure and characterize the historical urban growth in the WRMA from 
2001 to 2011. It demonstrated a new, more comprehensive approach to understanding 
urban growth by using a combination of remote sensing data, spatial patterns analysis, 
and Census statistical data. The results of this study provide a starting point to understand 
the nature of urban growth trajectories in the WRMA. We found that although the 
WRMA’s growth can be characterized using three geographic subregions, there are also 
important variabilities within each subregion. Increasing urban density and land use 
efficiency are keys to addressing the WRMA’s future growth as several counties at the 
heart of the region have reached the limits of their capacity for future growth along the 
same trajectories as in the past. The counterpart of the WRMA’s past urban growth was 
the significant loss of agricultural lands. Our study suggests that northern Utah’s 
agricultural lands and wetlands are at great risk of being converted to new development if 
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no further actions to protect them take place. We believe that this study, as a science-
based data source, makes a significant contribution to informing discussions and 
decisions concerning future urban growth policy and planning.  
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Tables and figures  
Table 2.1  
Changes of urban areas and annual urban growth rates for ten WRMA counties, 2001–2011. 
County 
Name 
(a) Newly 
urbanized 
areas,  
2001–2011 
(unit: km2) 
(b)  
Internal urban 
intensification, 
2001–2011  
(unit: km2) 
(c)  
Total changes of 
urban areas,  
2001–2011  
(unit: km2) 
(d)  
% changes due to 
newly urbanized 
areas 
(d) = (a)/(c) 
(e) 
Urban extent 
in 2001  
(unit: km2) 
(f)  
Annual urban 
extent 
growth rate 
(unit: km2/year) 
Wasatch Front Counties 
Weber 27.04 4.99 32.13 84.16 180.23 0.018 
Davis 43.41 6.69 50.10 86.65 192.05 0.026 
Salt Lake 76.10 16.08 92.18 82.56 597.51 0.015 
Utah 79.04 9.14 88.18 89.63 301.66 0.029 
Wasatch Back Counties 
Morgan 0.82 0.46 1.28 64.06 16.87 0.008 
Summit 5.14 1.50 6.64 77.41 73.79 0.009 
Wasatch 7.08 0.50 7.58 93.40 49.02 0.015 
Neighboring Counties 
Cache 16.40 1.99 18.39 89.18 131.03 0.014 
Box Elder 9.53 6.45 15.98 59.64 155.46 0.010 
Tooele 6.79 6.18 12.97 52.35 121.39 0.011 
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Table 2.2 Changes of urban population density in ten WRMA counties, 2001–2011.  
County Name 
Urban population 
density in 2001 
(unit: population/km2) 
Urban population 
density in 2011 
(unit: population/km2) 
Population density 
increase, 2001 to 2011 
(unit: %) 
Total population 
gain, 2001 to 2011 
(unit: persons) 
Wasatch Front Counties    
Weber 1116.4 1125.3 0.8 32033 
Davis 1276.2 1327.6 4.0 67510 
Salt Lake 1529.2 1552.6 1.5 132113 
Utah 1276.0 1394.2 9.3 145861 
Wasatch Back Counties    
Morgan 444.4 546.6 23.0 2170 
Summit 411.0 471.4 14.7 6879 
Wasatch 331.4 436.0 31.6 8212 
Neighboring Counties    
Cache 714.6 778.1 8.9 21081 
Box Elder 278.3 305.9 9.9 7203 
Tooele 360.6 461.3 27.9 15365 
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Table 2.3  
Categorization of urban growth patterns in each county by km2 and percentages of total 
between 2001 and 2011. 
Note: Within each county, numbers in the upper row indicate the area in km2, and 
italicized numbers in the lower row indicate the percentage of total area in each 
category.
County Name Outlying Edge-expansion Infill AWMEI 
Wasatch Front Counties 
Weber 11.82 4.13 16.18 0.51 36.8% 12.9% 50.4% 
Davis 18.71 5.05 26.34 0.53 37.3% 10.1% 52.6% 
Salt Lake 33.36 7.56 51.26 0.55 36.2% 8.2% 55.6% 
Utah 40.69 8.62 38.87 0.44 46.2% 9.8% 44.1% 
Wasatch Back Counties 
Morgan 0.47 0.17 0.64 0.48 36.8% 13.5% 49.7% 
Summit 2.27 1.22 3.15 0.48 34.2% 18.3% 47.5% 
Wasatch 3.57 1.82 2.20 0.30 47.0% 24.0% 29.0% 
Neighboring Counties 
Cache 7.36 2.33 8.70 0.47 40.0% 12.7% 47.3% 
Box Elder 4.72 1.90 9.36 0.58 29.5% 11.9% 58.6% 
Tooele 3.72 1.86 7.39 0.57 28.7% 14.4% 57.0% 
All WRMA Counties 
Total 126.70 34.66 164.08 0.50 38.9% 10.7% 50.4% 
		
Table 2.4 County-based categorizations of urban-related land use conversions from 2001 to 2011 by km2 and percentages of total.  
 Water to urban 
Internal urban 
intensification 
Barren 
to urban 
Forest to 
urban 
Grassland 
to urban 
Pasture 
to urban 
Cultivated 
to urban 
Wetlands 
to urban Total 
Wasatch Front Counties 
Weber County 0.04 5.09 0.12 0.07 3.93 14.59 4.84 3.46 32.13 0% 15.8% 0% 0% 12.2% 45.4% 15.1% 10.8% 
Davis County 0.02 6.69 0.02 1.20 5.63 21.61 10.75 4.18 50.10 0% 13.4% 0% 2.4% 11.2% 43.1% 21.5% 8.3% 
Salt Lake County 0.47 16.08 1.00 1.10 25.92 31.33 9.93 6.36 92.18 0.1% 17.4% 1.1% 1.2% 28.1% 34.0% 10.8% 6.9% 
Utah County 0.23 9.14 0.26 2.08 20.32 35.60 16.09 4.47 88.18 0.3% 10.4% 0.3% 2.4% 23.0% 40.4% 18.2% 5.1% 
Wasatch Back Counties 
Morgan County 0.00 0.47 0.00 0.00 0.13 0.43 0.25 0.00 1.28 0% 36.7% 0% 0% 10.2% 33.6% 19.5% 0% 
Summit County 0.01 1.50 0.02 0.92 3.84 0.29 0.03 0.03 6.64 0.2% 22.6% 0.3% 13.9% 57.8% 4.4% 0.5% 0.5% 
Wasatch County 0.00 0.51 0.02 0.27 4.57 1.90 0.30 0.01 7.58 0% 6.7% 0.3% 3.6% 60.3% 25.1% 4.0% 0.1% 
Neighboring Counties 
Cache County 0.00 1.99 0.00 0.15 1.82 8.80 5.01 0.63 18.39 0% 10.8% 0% 0.8% 9.9% 47.9% 27.2% 3.4% 
Box Elder County 0.00 6.45 0.01 0.15 2.37 3.08 2.84 1.07 15.98 0% 40.4% 0.1% 0.9% 14.8% 19.3% 17.8% 7.7% 
Tooele County 0.01 6.17 0.10 0.00 2.52 3.89 0.10 0.18 12.97 0.1% 47.6% 0.8% 0% 19.4% 30.0% 0.8% 1.4% 
All WRMA Counties 
Total 0.78 54.08 1.56 5.94 71.07 121.51 50.14 20.37 325.45 0.2% 16.6% 0.5% 2.0% 21.8% 37.3% 15.4% 6.3% 
Note: Within each county, numbers in the upper row indicate the area in km2, and italicized numbers in the lower row indicate the percentage 
of the total area in that category of land conversion. 38 
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Table 2.5 Summary of urban building activity in the ten WRMA counties, 2001 to 2011. 
Part A 
County 
Name 
Subtotal, new 
residential 
construction 
(dwelling 
units) 
Subtotal, new 
nonresidential 
construction 
(other units) 
Additions and 
alterations to 
residential 
buildings 
Additions and 
alterations to 
nonresidentia
l buildings 
Total 
Urban 
Building 
Activity 
Wasatch Front Counties 
Weber 8,440 3,972 5,537 2,560 20,509 
Davis 20,352 5,737 10,450 2,981 39,520 
Salt Lake 37,626 17,576 37,645 19,233 112,080 
Utah 33,468 11,874 14,913 5,015 65,270 
Wasatch Back Counties 
Morgan 737 265 128 49 1,179 
Summit 3,927 1,544 7,328 1,876 14,675 
Wasatch 2,990 861 1,176 266 5,293 
Neighboring Counties 
Cache 6,306 3,049 2,656 1,511 13,522 
Box Elder 3,091 2,202 2,473 575 8,341 
Tooele 4,694 1,852 1,191 544 8,281 
Part B 
County 
Name 
Single-
family 
Homes 
Duplexes 
and Twin 
Homes 
Condomin-
iums and 
Townhomes 
Apartments 
(with 3 or 
more units) 
Cabins 
Manufactured, 
Mobile 
Homes, Other 
shelters 
Wasatch Front Counties 
Weber 7,783 128 275 77 12 165 
Davis 19,343 145 588 214 4 58 
Salt Lake 33,879 377 2,037 649 2 682 
Utah 31,002 710 1,107 382 2 265 
Wasatch Back Counties 
Morgan 705 15 7 0 9 1 
Summit 3,353 84 225 22 204 39 
Wasatch 2,741 89 46 20 81 13 
Neighboring Counties 
Cache 5,625 147 234 94 62 144 
Box Elder 2,831 40 34 80 3 103 
Tooele 4,453 70 53 30 0 88 
Note: Part A lists the number residential and non-residential new and renovation 
building activity; Part B lists the details of residential housing development.
		
Table 2.6 Statistics of developable areas in each county (unit: km2). 
County Name Total private areas 
Total urban 
areas in 2011 
Percentage of 
urban areas on 
private lands 
Total 
agricultural 
areas on private 
lands 
Total grassland 
areas on 
private lands 
Wasatch Front Counties 
Weber 1066.57 207.28 19.43% 199.31 221.87 
Davis 395.82 235.46 59.49% 105.73 19.02 
Salt Lake 1522.07 673.62 44.26% 137.94 354.42 
Utah 2342.01 380.70 16.26% 519.00 948.90 
Wasatch Back Counties 
Morgan 1475.96 17.69 1.20% 52.58 548.01 
Summit 2606.03 78.93 3.03% 102.37 1109.57 
Wasatch 1002.84 56.10 5.59% 66.17 377.21 
Neighboring Counties 
Cache 1723.55 147.43 8.55% 676.33 403.49 
Box Elder 7673.74 164.99 2.15% 1106.42 4388.04 
Tooele 2027.78 128.18 6.32% 243.60 1109.79 
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Fig. 2.1. Location of the Wasatch Range Metropolitan Area and its land cover in 2011.  
41 
		
 
Fig. 2.2. Illustration of three types of urban growth patterns and calculation of Landscape Expansion Index (LEI). 
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Fig. 2.3. Percentage increase of population vs. the percentage increase of urban areas of 
the 10 counties between 2001 and 2011.  
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Fig. 2.4. Spatial layouts of the urban growth patterns across the WRMA. 44 
		
 
Fig. 2.5. Closer look at growth patterns in Salt Lake County and Utah County. 
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Fig. 2.6. Spatial display of land conversion to urban development from 2001 to 2011. 
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Fig. 2.7. Extent of urban areas and private lands in the ten WRMA counties in 2011. 47 
		
 
Fig. 2.8. Extent of agricultural lands and grasslands in relation to urban areas and private lands of each  
WRMA county in 2011. 48 
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CHAPTER III 
DYNAMICS OF AGRICULTURAL LANDSCAPES IN RESPONSE TO 
URBANIZATION IN UTAH: A COMPARISON BETWEEN IRRIGATED              
AND NON-IRRIGATED AGRICULTURAL LANDS2 
 
1. Introduction  
On a global scale, a great amount of agricultural lands has been converted to 
urban uses or is under various threats due to pressures from urban development (Daniels, 
1999). This is certainly the case in large parts of the western United States (U.S.). In 
particular, land conversion from irrigated agriculture to developed urban areas is a 
phenomenon of regional landscape transition and has led to a great amount of agricultural 
lands loss in the region (American Farmland Trust, 1986; Baker, Everett, Liegel, & Van 
Kirk, 2014). Conversion of irrigated agricultural lands to urban development not only 
affects soil quality, food production, and biodiversity, but it also imposes a variety of 
challenges for water management, such as shifts in water uses and alterations of surface 
runoff (Brown, Johnson, Loveland, & Theobald, 2005; Daniels, 1999). In the face of 
rising competition among different users for water resources and water rights in the 
western U.S., irrigated agricultural lands conversions in the region are often driven more 
by competing demands for water than competing land uses per se (Baker et al., 2014; 
Riebsame, Wescoat, & Morrisette, 1997; Tarlock & Lucero, 2002). Some scholars have 
argued that irrigated agricultural lands conversions, compared with non-irrigated 
agricultural lands conversions, are driven by different factors and often result in more 
                                                
2 This chapter is co-authored by Shujuan Li and Joanna Endter-Wada  
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fragmented and less aggregated landscapes (Baker et al., 2014; Lucero & Tarlock, 2003; 
Riebsame et al., 1997; Tarlock & Bates, 2008). However, in the literature on analyzing 
how urbanization affects the overall agricultural landscapes, little attention has been 
focused on differentiating and comparing the changes in irrigated agricultural landscapes 
to changes in non-irrigated agricultural landscapes in relation to urbanization (Baker et 
al., 2014; Riebsame et al., 1997). Therefore, there is a knowledge gap concerning the 
dynamics of agricultural landscapes in terms of where and how irrigated compared to 
non-irrigated agricultural lands transition to other uses. Information on the processes and 
impacts of agricultural lands conversions is useful for land and water policy and planning 
decisions.  
Landscape metrics are indices that are developed to characterize and measure 
landscape patterns (Forman & Godron, 1986). Patterns of landscapes are defined as the 
composition of and the spatial configuration of elements in a landscape (McGarigal & 
Marks, 1995). Landscape metrics have proven successful in revealing the pattern-process 
relationships of general landscape transformations (McGarigal, Cushman, Neel, & Ene, 
2002; Turner, 1990). Moser, Zechmeister, Plutzar, Sauberer, Wrbka, and Grabherr (2002) 
and Schaller, Lazrak, Martin, Mari, Aubry, and Benoît (2012) suggested landscape 
metrics could also efficiently reveal the more specific changes and transformations in 
agricultural landscapes. Surprisingly, there have been few applications of landscape 
metrics in agricultural landscape studies. In their recent review, Uuemaa, Mander, and 
Marja (2013) found that in the 128 studies using landscape metrics for landscape pattern 
analysis, only seven studies dealt with agricultural areas. Among these seven studies, two 
of them adopted landscape metrics to assess the fragmentation of rural landscapes (Pôças, 
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Cunha, & Pereira, 2011) and plant species richness (Moser et al., 2002), respectively. In 
two other examples, landscape metrics were used to evaluate the impacts of policy 
options on agricultural landscapes (Berger & Bolte, 2004; Colson, Bogaert, & 
Ceulemans, 2011). Su, Jiang, Zhang, and Zhang (2011) and Su, Xiao, and Zhang (2012) 
used landscape metrics to analyze the varying spatial relationships between agricultural 
landscape patterns and urbanization. None of these studies, however, made the distinction 
between irrigated agricultural lands and non-irrigated agricultural lands.  
McDonnell and Pickett (1990) suggest that an urban gradient can be a very useful 
tool to study the influence of urbanization on ecosystems. An urban gradient is a way to 
organize and view urbanization in space (Zeng, Sui, & Li, 2005). It is generally measured 
by the distance of land to an urban core; the closer it is to the urban core, the more 
urbanized it is (McDonnell & Pickett, 1990; McDonnell, Pickett, Groffman, Bohlen, 
Pouyat, Zipperer, Parmelee, Carreiro, & Medley, 1997). In environmental studies, urban 
gradient analysis has proven successful to quantify landscape changes in elements such as 
resources, community compositions, and ecological functions by the degree of 
urbanization (McDonnell & Pickett, 1990; McDonnell et al., 1997). Combined with 
landscape metric analysis, urban gradient analysis has demonstrated power to aid in 
characterizing changes of landscape patterns in relation to urbanization (Blair, 1996; 
Luck & Wu, 2002; Weng, 2007).  
In this study we adopted landscape metrics and urban gradient analysis to 
examine the dynamics of agricultural landscapes in response to urbanization, and applied 
this approach to a case study in Northern Utah. The objectives of this project were to: (1) 
analyze and compare the changes of both irrigated and non-irrigated agricultural lands; 
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(2) identify the spatial patterns and hotspots of these changes for both irrigated and non-
irrigated agricultural lands; and, (3) examine the spatial relationships between changes in 
agricultural landscapes and urban development. This study contributes not only to the 
existing literature on the dynamics of both irrigated and non-irrigated agricultural lands in 
relation to urban development, but also helps fill the gap of scant applications of 
landscape metrics and urban gradient analysis in agricultural areas. Most importantly, we 
believe that such a comprehensive examination of Utah’s agricultural landscapes will 
serve as part of the scientific foundation for informing land use policy in the region, as 
well as provide lessons for other places that are facing similar agricultural land 
conversion challenges. 
2. Materials and methods 
2.1. Study area 
Our study area is situated in the northern part of Utah (Fig. 3.1), covers about 
25000-km2 and has more than 2 million inhabitants. It is made up of four river basins: 
Bear River Basin, Weber River Basin, Jordan River Basin, and Utah Lake Basin. It also 
encompasses Utah’s most urbanized region, the Wasatch Range Metropolitan Area 
(WRMA). WRMA is where 80% of Utah’s population resides and where future growth is 
most likely to occur (Utah Foundation, 2014a). Between 1982 and 2012, over 160-km2 of 
Utah’s agricultural lands were converted to urban development (Farmland Information 
Center, 2016). Most of these conversions took place in the four river basins of our study 
area due to fast urban growth in the WRMA (Farmland Information Center, 2016). Rising 
concerns about securing food supply, maintaining open space, and sustaining rural 
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lifestyles have evoked agricultural lands protection sentiments and efforts in Utah 
(Envision Utah, 2014; Utah Department of Agriculture and Food, 2012). Additionally, 
due to a growing population and changing climate, agriculture, which is the biggest water 
use sector in the region, is facing increasing competition from the rapidly growing 
WRMA municipalities and industries seeking to acquire water (Utah Foundation, 2014b).  
2.2. Land use data 
Water-Related Land Use Datasets for the years 1986 and 2015 were used for our 
analysis (Fig. 3.1). These datasets were obtained from the State of Utah Division of 
Water Resources. The Water-Related Land Use Datasets are digitized spatial vector data. 
These datasets document the land use types in the region, which include: irrigated 
agricultural lands, non-irrigated agricultural lands, wet/open water areas, and urban areas. 
Land use classification and irrigation use classification were done by the staff of the Utah 
Division of Water Resources through remote sensing, land survey, and ground truth 
verification. These datasets were originally created to provide Utah decision makers and 
water managers with land-related water use information for determining regional water 
budgets. Agricultural land use, and particularly if the land was irrigated or not, has been 
an important component of the database. Consequently, it is ideal for application in this 
research study, which examines changes in agricultural landscapes over the nearly three 
decades between 1986 and 2015.  
2.3. Landscape metric analyses 
A variety of landscape metrics have been devised to measure the spatial patterns 
of landscapes (McGarigal et al., 2002). Researchers have revealed that many of these 
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metrics are correlated and measure the same feature of spatial pattern, hence containing 
redundant information (see Cushman, McGarigal, & Neel, 2008; Riitters, O’Neill, 
Hunsaker, Wickham, Yankee, Timmins, Jones & Jackson, 1995; and Torrens, 2008). But 
several metrics have been demonstrated to be efficient and simple to interpret from these 
studies (see Cushman et al., 2008; Riitters et al., 1995; and Torrens, 2008 for further 
details). Based on these prior findings, for this study we selected four class-level metrics 
(i.e., metrics that apply to land use classes): Aggregation Index (AI), Total Areas (CA), 
number of patches (NP), and Perimeter-Area Ratio (PARA). Definitions and their 
associated landscape interpretations and calculations are listed in Table 3.1.  
To quantify the spatial variability of landscape patterns across the whole study 
area, a moving-window sampling strategy was used. Briefly, a moving window analysis 
places a window with specified size and shape over each focal cell, computes the selected 
landscape metric, and returns the metric value back to the focal cell. Therefore, each 
window around a focal cell is treated like a sub-landscape, and the metric value returned 
to the focal cell represents the patterns within this sub-landscape (McGarigal et al., 2002). 
Kupel (2006:411) commented that moving window combined with landscape metrics is 
“effective at capturing the context of a point relative to larger landscape neighborhood 
effects.” However, window size is highly influential to the final results of metric analysis 
(McGarigal et al., 2002; McGarigal & Marks, 1995). Therefore, we conducted a 
preliminary test to investigate the effects of window size on metric analysis in our study. 
Four different window sizes were employed and tested: 0.5-km×0.5-km, 1-km×1-km, 5-
km×5-km, and 10-km×10-km. We found that window sizes of 1-km×1-km performed the 
best in aggregating and retaining neighborhood characteristics (related research with 
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similar findings have been discussed by Luck & Wu, 2002; Su et al., 2011; Wagner & 
Fortin, 2005; and Yeh & Huang, 2009).  
FRAGSTATS (version 4.2) (McGarigal, Cushman, & Ene, 2012) was adopted to 
measure landscape patterns. Data of irrigated and non-irrigated agricultural lands from 
1986 and 2015 for the entire WRMA region were extracted from the Water-Related Land 
Use Dataset, then converted into raster format with 30-meter resolution to fit 
FRAGSTATS’s requirements. Each of the selected four landscape metrics (i.e., AI, CA, 
NP, PARA) were analyzed independently and applied to both irrigated and non-irrigated 
agricultural lands separately. Outputs of moving window analysis through FRAGSTATS 
are raster maps. A total of four raster maps were generated to represent the spatial 
patterns for one land use type (either irrigated or non-irrigated agricultural lands) at one 
point in time (either year 1986 or year 2015). For a set of these four raster maps, each of 
them represents the values of one of the four landscape metrics (i.e., AI, CA, NP, PARA), 
respectively, on a per grid cell basis across the study area at a given year.  
2.4. Analysis of changes in agricultural                                                                        
landscapes over time 
 
The resulting raster maps from landscape metric analysis allowed us to calculate 
the changes of landscape patterns between 1986 and 2015 for both irrigated and non-
irrigated agricultural lands. Because landscape patterns are measured by four landscape 
metrics independently, to calculate the change under each landscape metric, we simply 
subtract the raster map of year 1986 from the 2015 raster map (see Fig. 3.2). Therefore, 
for each type of land use (i.e., irrigated and non-irrigated agricultural land), four new 
raster maps were produced to indicate the change of the values of each of the four 
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landscape metrics from 1986 to 2015. These changes can be positive values, meaning the 
value of a given landscape metric has increased at a given location over time; or negative 
values, meaning the value of a given landscape metric has decreased at a given location 
over time.  
For each land type (i.e., irrigated and non-irrigated agricultural land), Local 
Indicators of Spatial Association (LISA) analysis was used to analyze the spatial 
association of these changes under each of these four landscape metrics (i.e., AI, CA, NP, 
PARA) (see Figure 3.2). As a result, four types of significant spatial changes at a 95% 
confidence interval were determined by LISA: High-High Cluster, Low-Low Cluster, 
High-Low Outlier, and Low-High Outlier (see Fig. 3.2). A High-High Cluster is an area 
that is surrounded by areas with high positive values, but its own values are significantly 
(P <0.05) higher than its surrounding areas in general. High-High Cluster indicates a 
concentration of significant positive high values. In our study it reflects an area that 
underwent a significant increase of values under one particular landscape metric (change 
of the value of a given landscape metric >0, P <0.05), thus we call it “hotspots of 
increase.” The reverse is true for Low-Low Cluster. A Low-Low Cluster is a 
concentration of significantly lower negative values in relation to surrounding low values, 
hence, we correspondingly called these clusters “hotspots of decrease.” In this study we 
defined both High-High Clusters and Low-Low Clusters as “hotspots of changes.” High-
Low Outlier and Low-High Outlier suggests that the cluster has a significant High-Low 
or Low-High relationship with neighboring land (see Anselin (1995) for further detail). 
Both High-Low and Low-High Outliers are insightful to detect where land use changes 
are significantly dissimilar to neighboring land, exhibiting unusual spatial patterns. LISA 
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analysis was performed using GeoDa 1.8 software (Center for Spatial Data Science, The 
University of Chicago, 2016). 
2.5. Analysis of changes in agricultural                                                                           
landscapes over time in relation to  
urbanization 
 
An urban gradient was developed to detect the changes of agricultural landscapes 
in relation to urbanization. Specifically, we created 1-km, 3-km, 5-km, and 10-km buffer 
distances from new urban development between 1986 and 2015 to represent the gradients 
of new urbanization. The reason to use new development between 1986 and 2015 for 
building the gradient is to highlight and emphasize the influence of new urbanization. We 
first plotted the distribution of land use along the urban gradient for both year 1986 and 
year 2015. This enabled us to compare the changes of land use composition and 
distribution in each buffer zone. We also plotted the distribution of the total areas of the 
two types of hotspots (hotspots of increase, and hotspots of decrease) identified by LISA 
analysis within each distance buffer zone. The analytic objective was to examine the 
spatial relationships between these hotspots and new urban development. Put differently, 
it examines how far or close these hotspots are to new urban development. Such analysis 
was designed to test the hypothesis that agricultural areas that are close to new urban 
development are more subject to the effects of urbanization by seeing if most of the 
hotspots of changes were located close to new urban development. 
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3. Results 
3.1 General description of agricultural                                                                     
landscapes and urban development 
  
From 1986 to 2015, the total amount of irrigated agricultural lands in the WRMA 
decreased approximately 22% from 2154-km2 to 1685-km2, while non-irrigated 
agricultural lands increased approximately 82% from 900-km2 to 1638-km2 (Table 3.2). It 
is noticeable that over this time, WRMA urban areas grew expansively by 90% or 1,080 
km2 (Table 3.2 and Fig. 3.1). Among the 1189 km2 of newly urbanized areas during this 
period, about 38% (447-km2) was formerly irrigated agricultural lands, 12% (142-km2) 
was formerly non-irrigated agricultural lands, and about 50% (600-km2) was “other,” a 
category consisting of mostly rangelands. There were also many observed land 
conversions of irrigated agricultural lands to non-irrigated land (238-km2) and of non-
irrigated land to irrigated land (103-km2) (Table 3.2). It is important to recognize that 
agricultural landscape changes cannot be simplistically taken as a process of losing lands 
to urban development. Rather, there are active transitions between irrigated agricultural 
lands and non-irrigated agricultural lands, as well as agricultural land conversions to 
other uses and vice versa. 
The study area as a whole has shifted from an agricultural-dominated landscape to 
a highly-urbanized landscape as reflected in changes of total areas (CA) in various land 
use categories (Fig. 3.3). Additionally, at this regional scale, patches within each of the 
three land use types (urban, irrigated agricultural lands, and non-irrigated agricultural 
lands) have all become less aggregated (AI) and more irregular and complex in shape 
(PARA). It is interesting to note that, while the total area (CA) of irrigated agricultural 
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lands has decreased, its total patch number (NP) has increased. This indicates that 
average patch size of irrigated agricultural lands could potentially be smaller. Combined 
with signs of less aggregation among patches (decreasing AI) and increasing shape 
complexity (increasing PARA values), it is evident that irrigated agricultural landscapes 
have become more fragmented.  
3.2. Changes of agricultural landscape                                                                         
patterns between 1986 and 2015 
 
Results of landscape metric analysis using a 1-km×1-km moving window 
sampling strategy are presented in Figure 3.4 for irrigated agricultural lands and Figure 
3.5 for non-irrigated agricultural lands. These figures are effective visuals to understand 
the landscape patterns at each specific location across the whole study area at the 
beginning and end of the nearly three-decade period. For example, one can see that the 
northwestern and southwestern parts of the study area were dominated by irrigated 
agricultural lands and aggregated areas in both years 1986 and 2015 (Fig. 3.4, second CA 
panels). The majority of non-irrigated agricultural lands also were located in the 
southwestern side and in a small part of the northwestern side of the study area (Fig. 3.5, 
second CA panels). 
The actual change values between 1986 and 2015 for each landscape metric are 
shown in Figure 3.6 (irrigated agricultural landscapes) and Figure 3.7 (non-irrigated 
agricultural landscapes). For irrigated agricultural lands (Fig. 3.6), CA values have 
widely declined across the Weber River Basin and Jordan River Basin, indicating a 
general loss of irrigated agricultural lands in these two river basins. However, in the Bear 
River Basin and Utah Lake Basin, the changes of irrigated agricultural lands were more 
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complex. Our results show that while the central part of the Utah Lake Basin experienced 
a decrease of irrigated agricultural lands, the western side and southern tip of Utah Lake 
have seen an increase in irrigated agricultural lands. CA results in the Bear River Basin 
are even more intricate as decreases and increases of irrigated agricultural lands are 
mixed together in the region. Overall, irrigated agricultural lands have become more 
dispersed (decreases of AI) across the whole study area. In the west areas of Bear River 
Basin, Weber River Basin, and Utah Lake Basin, irrigated agricultural lands have become 
patchier (increases in NP). Additionally, patch shapes (PARA) of irrigated agricultural 
lands have become more irregular and complicated across the entire WRMA region.  
For non-irrigated agricultural lands (Fig. 3.7), we observed an overall increase of 
CA and NP across the four river basins, although certain places in the northwestern part 
of Bear River Basin, south part of Jordan River Basin, and northern part of Utah Lake 
Basin did experience loss of non-irrigated agricultural lands. This is consistent with the 
data presented in Table 3.2, which show that non-irrigated agricultural lands went up 
from 900-km2 to 1638-km2 from 1986 to 2015. In contrast with irrigated agricultural 
lands, non-irrigated agricultural lands have become more aggregated (increase of AI). As 
with irrigated agricultural lands, the shapes of patches of non-irrigated agricultural lands 
became more irregular and complex across the region.  
3.3. Spatial patterns and hotspots of                                                                        
agricultural landscape changes 
 
Results of LISA analysis further illustrate the spatial association of these changes 
for each landscape metric (see Fig. 3.8 and Fig. 3.9). These results help to identify where 
changes are significantly similar to or different from neighboring areas. For irrigated 
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agricultural lands, most of the clusters and outliers are distributed in the Bear River Basin 
(Fig. 3.8). Table 3.3 summarizes the total areas of High-High Clusters and Low-Low 
Clusters in each river basin. It is clear that the Bear River Basin has the most hotpots 
(High-High Clusters and Low-Low Clusters) of agricultural landscape changes. Figure 
3.8 shows that in the northwestern part of the Bear River Basin, hotspots of irrigated 
agricultural lands loss (CA clusters in blue representing Low-Low Clusters) is 
accompanied by increase of patch numbers (NP clusters in red representing High-High 
Clusters) and more complicated patch shapes (PARA clusters in red representing High-
High Clusters). This result suggests the irrigated agricultural lands located within these 
Bear River Basin hotspots have become more fragmented. Meanwhile, several CA 
outliers were found sporadically in the same northwestern part of the Bear River Basin. 
These outliers had a high value of landscape metrics while surrounded by low value 
neighbors. It is hard to explain the stories behind what might have caused these outliers 
solely relying on landscape metrics. But as one can see, the irrigated landscape in the 
Bear River basin is very complex and diversified. 
For non-irrigated agricultural lands, hotspots of landscape changes were generally 
located in the Bear River Basin and Utah Lake Basin areas (Fig. 3.9 and Table 3.3). In 
the northeast part of the Bear River Basin, hotspots of increase of non-irrigated 
agricultural lands (CA clusters in red) are roughly in the same locations as hotspots of AI. 
This means that non-irrigated agricultural lands has grown bigger and more aggregated. 
Combined with a decrease of NP, non-irrigated agricultural landscapes in the northeast 
part of the Bear River Basin displayed a consolidation pattern. On the contrary, in the 
northwest part of the Bear River Basin, hotspots of increase in non-irrigated agricultural 
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lands (CA clusters in red) were generally overlaid with hotspots of increase in NP. 
However, patches have grown more compact and patchier based on hotpots of AI and 
NP. Although both the northeast and northwest parts of the Bear River Basin have 
undergone an increase of total areas of non-irrigated agricultural lands, the two regions 
displayed very different landscape change patterns. In the southern tip of the Utah Lake 
Basin, a decrease in patch numbers and shape complexity on non-irrigated agricultural 
lands is a significant observation.  
3.4. Changes of agricultural landscape in                                                                 
response to urbanization 
 
 Gradients of new development between 1986 and 2015 are shown in Figure 3.10. 
It is visually compelling to recognize that most of the new urban development in the 
study area is concentrated on the west side of the Jordan River Basin and Weber River 
Basin and on the north side of the Utah Lake Basin. Figure 3.11 shows the amount of 
irrigated and non-irrigated agricultural lands in each gradient distance at years 1986 and 
2015. We see that within the areas where new development took place between 1986 and 
2015, about 400-km2 of irrigated agricultural lands and more than 100-km2 of non-
irrigated agricultural lands have vanished. This result is consistent with our findings in 
Table 3.2. The majority of the irrigated and non-irrigated agricultural lands are located 
within 1 km distance of these new development areas. We found that while cities in our 
study areas are experiencing conversion of irrigated agricultural lands to new 
development, the total amount of irrigated agricultural lands that is within 1-km distance 
to new development basically remained the same. Our results also indicate that the gain 
of non-irrigated agricultural lands between 1986 and 2015 was mostly located within 1-
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km distance to new development. These results suggest that while cities in our study area 
are experiencing agricultural land conversion to new development, they also see 
conversion of other nearby land uses to non-irrigated agricultural lands.  
Hotspots of irrigated agricultural landscape changes between 1986 and 2015 were 
all located within 5-km distance to newly urbanized areas, while hotspots of non-irrigated 
agricultural landscape changes were all located within a 10-km radius of the newly 
urbanized areas (Fig. 3. 12). However, for both irrigated and non-irrigated agricultural 
lands, most of the hotspots of landscape changes between 1986 and 2015 were located 
within 1 km distance of the newly urbanized areas. This finding indicates that the 1-km 
distance to new development is the threshold where agricultural landscapes have changed 
significantly (Fig. 3.12). Outside the 1-km distance threshold, the total areas of hotspots 
in each zone decreased dramatically.  
4. Discussion  
4.1. Changes of agricultural landscapes in                                                                          
the study area 
 
In general, irrigated agricultural lands and non-irrigated agricultural lands present 
very different patterns and trends in terms of landscape changes in our study area. 
Irrigated agricultural lands have shown clear signs of fragmentation, signified by 
increasing amounts of smaller patches, greater patch isolations, and more irregular patch 
shapes. On the contrary, the total amount of non-irrigated agricultural lands has gone up 
and patches of non-irrigated agricultural lands became more aggregated. This major 
finding demonstrates the need to distinguish irrigated and non-irrigated agricultural lands 
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when analyzing changes in agricultural lands, or when conducting land and water use 
planning involving agricultural conservation.  
Also, we found variations in terms of changes of agricultural landscapes across 
the four river basins. Despite the fact that all four basins have experienced changes in 
both irrigated and non-irrigated agricultural lands (Fig. 3.6 and Fig. 3.7), the most 
significant changes (hotspots of changes) of both irrigated and non-irrigated agricultural 
lands were in the Bear River Basin (Figure 3.8 and Figure 3.9). Additionally, we found 
that changes within the Bear River Basin are diversified, with hotspots and outliers mixed 
across the northwestern side of the basin. This analysis is useful for better characterizing 
significant changes in the agricultural landscape across the study area. Such information 
can be used by researchers as a way to focus more detailed analyses and by agricultural 
conservation practitioners to target and prioritize potential places for various types of 
agricultural actions and programs.  
4.2. Changes of agricultural landscapes in                                                                           
relation to urbanization 
 
Urbanization has affected Utah’s agricultural lands use patterns over the last three 
decades. About half of the new development from 1986 to 2015 in the study area was 
from agricultural lands conversion (Table 3.2). Our results have demonstrated most of the 
hotspots of changes in agricultural lands were located close to new development, which 
means that new development is at least spatially associated with agricultural lands 
changes (Fig. 3.8 and Fig. 3.9). These results support the theory of Daniels (1999) that 
increasing urbanization decreases the stability of and affects the structure of agricultural 
landscapes. In addition, other studies have shown that the proximity to new urban 
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development can be a powerful predictor of agricultural landscape changes. This finding 
is also supported by other researchers, such as Su et al (2011) and Yeh and Huang (2009). 
Specifically, our results suggest that 1-km distance to new urban development is a 
threshold where agricultural landscapes would be significantly affected by new urban 
development (Fig. 3.12). This information can be useful for land use planners or 
agricultural conservationists to anticipate urbanization pressures and potential changes to 
agricultural lands (Dredge, 1995). 
4.3 Implications of agricultural landscape                                                                    
changes 
 
The potential implications of agricultural land fragmentation have been studied by 
other researchers with respect to the increasing economic challenges of engaging in 
agricultural enterprises and the potential loss of the environmental benefits that 
agricultural lands can support (e.g., Baker et al., 2014; Manjunatha, Anik, Speelman, & 
Nuppenau, 2013). But, pertinent to our study area and to Utah, fragmentation of irrigated 
agricultural lands poses severe challenges to Utah’s regional water management. As 
indicated by many other studies, once the percentage of impervious area in a watershed 
reaches 30%, stream health is degraded- and stormwater management encounters greater 
difficulties (Arnold & Gibbons, 1996). Based on the Water-Related Land Use Datasets 
used in this study, we found in the Jordan River Basin (2038-km2), urban-development 
has increased from 507-km2 in 1986 to 815-km2 in 2015. It also indicates that impervious 
land cover in the basin has increased from 25% to 40%. This poses great challenges in 
the region in terms of flooding, stormwater management, and water quality control. 
Additionally, new spatial configurations of irrigated agricultural landscapes, non-irrigated 
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agricultural landscapes, and urban development generally entail changes in water uses 
that require different types of management approaches. With agricultural lands gradually 
diminishing, many areas in the Bear River Basin have experienced declining agricultural 
water use and increasing municipal and industrial water use (Utah Association of 
Conservation Districts & Utah Department of Agriculture and Food & Natural Resources 
Conservation Service, 2011). Although agriculture likely will continue to be the major 
water use sector, under anticipated conversions of additional agricultural lands and the 
associated transfer of agricultural water use to residential, commercial, or environmental 
water uses, the capacity and efficiency of water infrastructure in both urban and 
agricultural environments will be strained to meet changing water use patterns (Utah 
Association of Conservation Districts & Utah Department of Agriculture and Food & 
Natural Resources Conservation Service, 2011). Agricultural landscape changes pose 
challenges not only to the availability of land resources but also to the associated water 
management (Roos, 2016).  
4.4. Using landscape metrics to assess                                                                   
agricultural landscape changes 
 
Landscape metrics have proven effective in aiding assessment of the patterns and 
changes occurring in agricultural landscapes in our study. By understanding the changes 
of agricultural lands at a large regional landscape scale, landscape metrics are 
complementary to the more detailed census of agriculture farmland survey methods 
aimed at understanding agricultural land changes. Traditional farmland surveys track 
changes of agricultural lands at the individual farm level, and it is often challenging to 
comprehend how changes in individual farms affect and are being affected by the 
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patterns and functions of its surrounding landscape (Vaz, De Noronha, & Nijkamp, 
2014). In this regard, landscape metrics can be a useful means to identify spatial changes 
in agricultural landscapes.  
However, landscape metrics may not be efficient to understand and explain the 
drivers of these changes. These shortcomings were presented in our study. For example, 
we identified hotspots and outliers of agricultural lands changes in the Bear River Basin, 
but we are not able to explain what caused these changes at these specific locations solely 
based on landscape metrics analyses. In addition, we found that relying on land use data 
at two points in time may fail to capture certain finer-scale temporal changes in 
agricultural landscapes. In our study we observed that there was a fair amount of land use 
transitions occurring between irrigated agricultural lands and non-irrigated agricultural 
lands between 1986 and 2015 (Table 3.2). It is likely that our analyses have failed to fully 
capture all of the changes between irrigated and non-irrigated agricultural lands that 
occurred during the period between 1986 and 2015, as we only used two snapshots of 
agricultural landscapes. Future research that can incorporate data from more points in 
time will lead to an even better understanding of agricultural changes over time. 
Last, we think agricultural lands fragmentation should be understood and 
addressed from both the spatial and township/tenure standpoints. Sklenicka (2016) 
argued that agricultural land ownership has a significant influence over the patterns and 
functions of agricultural landscapes. High farmland ownership fragmentation may result 
in parcel sizes too small to maintain the economy-of-scale for traditional farming and 
often leads to greater land degradation (Sklenicka, 2016). Our analysis verified 
fragmentation of irrigated agricultural lands within the study area. We think that tracking 
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the changes of ownership behind these land use changes will provide additional valuable 
insights to understand the drivers of these changes. Also, echoing Sklenicka (2016), we 
think that efforts to defragment current irrigated agricultural landscapes needs to be 
addressed from the land ownership perspective as well.  
5.  Conclusion 
This study adopted landscape metrics and gradient analysis to analyze landscape 
changes in both irrigated agricultural lands and non-irrigated agricultural lands in relation 
to urbanization for the Wasatch Range Metropolitan Area. It provides a detailed 
assessment of where and how agricultural landscape changes occurred in northern Utah 
over the past 30 years. We found that irrigated agricultural lands were more affected by 
urbanization than non-irrigated agricultural lands, with evidence of more patches, more 
irregular patch shapes, and less connectivity among patches. Fragmentation of irrigated 
agricultural landscapes poses challenges to some of the region’s land and lifestyle 
preservation goals and to water management. We conducted this work with the goal of 
providing useful information for predicting the likely influences of urban development on 
agricultural landscapes, as well as for identifying hotspots for agricultural landscape 
changes that might be places for focused preservation or planning efforts to prevent 
further agricultural land fragmentation as part of the state’s strategy to support the 
agricultural sector.  
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Tables and figures  
Table 3.1 Landscape metrics, their definitions, and calculation equations. 
Metric Description/calculation scheme/utilities Equation Range Unit: 
Aggregation 
Index (AI) 
Measures the degree of 
aggregation of patches. 
Compact clusters of patches 
are considered to be more 
aggregated. 
AI = $%&'() → $%& 100  
gii = number of like 
adjacencies (joins) between 
pixels of patch type (class) i 
based on the single-count 
method. '() → $%& = maximum 
number of like adjacencies 
(joins) between pixels of 
patch type (class) i based on 
the single-count method. 
0 ≤ AI ≤ 100 None 
Total Area 
(CA) 
Measures landscape 
composition; specifically, 
how much of the landscape 
is comprised of a particular 
patch type. 
-. = 	 (%&	( 110, 000		)	3&45  (%& = area (m2) of patch ij. CA≥0 Hectare 
Number Of 
Patches (NP) 
Measures the extent of 
subdivision or fragmentation 
of the patch type. 
67 = 8% 8% = number of patches in the landscape of patch type 
(class) i. 
NP≥1 None 
Perimeter-
Area Ratio 
(PARA) 
Measures the variability in 
patch shape complexity, 
where shape is defined by 
perimeter-area relationships. 
 7.9. = 7%&(%& 7%& = perimeter (m) of patch ij. (%& = area (m2) of patch ij. PARA≥0 None 
Note: All equations are adopted from McGarigal et al. (2002).  
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Table 3.2 Land use transition matrix for the WRMA region (unit: km2). 
 Year 2015 
Year 1986 
 
Irrigated 
agricultural 
lands 
Non-irrigated 
agricultural 
lands 
Urban Other Total 
Irrigated 
agricultural lands 1335 238 447 134 2154 
Non-irrigated 
agricultural lands 103 575 142 80 900 
Urban 41 32 1087 36 1196 
Other 206 793 600 18958 20557 
Total 1685 1638 2276 19208 24807 
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Table 3.3 Summary of the total areas of hotspots in each river basin (unit: km2). 
Basin Name Metric 
Irrigated Agricultural Lands Non-irrigated Agricultural Lands 
High-High Cluster Low-Low Cluster High-High Cluster Low-Low Cluster 
Bear River Basin AI 186 216 452 529 
CA 265 334 403 222 
NP 284 12 364 69 
PARA 483 233 355 381 
Weber River Basin AI 16 2  28 
CA 4  61  
NP    16 
PARA  44  28 
Jordan River Basin AI    117 
CA   48 85 
NP     
PARA  7  81 
Utah Lake Basin 
 
AI 8   109 
CA 36   40 
NP    101 
PARA  24  721 
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Fig. 3.1. WRMA study area and its land uses in 1986 and 2015. 
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Fig. 3.2. Methodological diagram of analyzing the changes of the spatial patterns of agricultural landscapes. 
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Fig. 3.3. Synoptic changes of landscape metrics in the WRMA study area.	 	 81 
		
 
Fig. 3.4. Landscape patterns of irrigated agricultural lands at 1-km scale, with year 1986 in the upper row and 2015 in the lower  
row. 
  82 
		
 
Fig. 3.5. Landscape patterns of non-irrigated agricultural lands at 1-km scale, with year 1986 in the upper row and 2015 in the  
lower row. 83 
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Fig. 3.6. Actual change of values for each landscape metric of irrigated agricultural lands 
between 1986 and 2015. 
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Fig. 3.7. Actual change of values for each landscape metric of non-irrigated agricultural 
lands between 1986 and 2015. 
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Fig. 3.8. Spatial patterns of changes in irrigated agricultural landscapes between 1986 and 
2015.  	
		
87 
	
Fig. 3.9. Spatial patterns of changes of non-irrigated agricultural landscapes between 1986 
and 2015.   
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Fig. 3.10. Gradients of new development between 1986 and 2015.  
		
 
 
Fig. 3.11. Distributions of irrigated (IR) and non-irrigated (NI) agricultural lands in relation to new development (1986-2015) in the 
WRMA.	
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Fig. 3.12. Hotspots of WRMA agricultural landscape pattern changes between 1986 and 
2015 in relation to new urban development (left column is irrigated agricultural lands 
while right column represents non-irrigated agricultural lands).
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CHAPTER IV 
USING SLEUTH-3R TO SIMULATE REGIONAL URBAN GROWTH IN THE 
WASATCH RANGE METROPOLITAN AREA, UTAH3 
 
1. Introduction 
Utah is one of the fastest growing states in the USA (US Census Bureau, 2010). 
Its current population is about 3 million and is projected to double in the next two 
decades. Planning for population growth is a particularly pressing public policy issue in 
Utah’s Wasatch Range Metropolitan Area (WRMA) (Fig. 4.1), the region surrounding 
Salt Lake City and the Great Salt Lake. Nearly 80% of the state’s population resides in 
the WRMA and the state’s future growth and development will likely be concentrated 
there (Envision Utah, 1999, 2014; Utah Foundation, 2014b). Thus, there is a need to plan 
for the region’s future and to develop strategic and practical policies to guide growth-
related decision making and management (Envision Utah, 2014; Utah Foundation, 2014b, 
2014a).  
A concomitant of Utah’s rapid urban growth is land transformation and water 
resource reallocation. The WRMA has experienced accelerating loss of agricultural lands 
(Utah Foundation, 2014a; Zollinger & Krannich, 2001). Utah is the nation’s second driest 
state (Anderson, 2002; Bekker, Justin DeRose, Buckley, Kjelgren, & Gill, 2014; Toelken, 
1991), and water is critical to meeting a wide variety of environmental and economic 
needs. Hence, it is important to understand the impacts and tradeoffs of Utah’s fast urban 
growth on agricultural landscapes and water resources management. Such impacts and 
                                                
3 This chapter is co-authored by Shujuan Li and Joanna Endter-Wada 
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tradeoffs are not limited to Utah but have been broadly observed in other rapidly 
urbanizing regions, especially in the American West (Arnold, 2005; Bates, 2011; Daniels, 
1999; Kupel, 2006; Lang, Sarzynski, & Muro, 2008). Hence, research focused on 
understanding the interrelations among urban growth, agricultural lands conversion, and 
related water challenges will greatly benefit cities and regions facing similar issues like 
Utah as they seek to make informed decisions on growth management (Baker, Everett, 
Liegel, & Van Kirk, 2014; Li, Li, & Endter-Wada, 2016; Niehoff, Fritsch, & Bronstert, 
2002). 
Regional-scale urban planning and management are key to effectively addressing 
future growth and its associated environmental and social challenges (Bengston, Fletcher, 
& Nelson, 2004; Innes, 1996; Innes & Booher, 1999). This is because a regional-scale 
perspective transcends local boundaries and better identifies factors driving urban growth 
at a landscape scale (Bengston et al., 2004; Innes & Booher, 2010; Lagendijk, 2001). In 
the case of the WRMA, spillover effects from more urbanized communities to less 
urbanized ones have been observed (Envision Utah, 2007, 2014, Utah Foundation, 2014a, 
2014b). Having region-wide urban growth visions, models, and plans for the WRMA is 
important to adequately characterize land and resource use patterns and changes, and to 
address the connectivity of transportation networks, air quality, and various other 
regional transboundary growth effects.  
It is also very important to recognize the uniqueness of each county or city’s own 
local identity and cultural values when it comes to regional planning (Albrechts, 2004; 
Innes & Booher, 2010). The WRMA is comprised of 10 counties within which some of 
these counties are highly urbanized while others are more rural. Various factors such as 
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urbanization level, population pressure, and economic and political context might lead 
each of these counties to have very different priorities and needs for land use planning. 
These counties may also view the value of agricultural lands differently or have different 
needs for public transportation. Therefore, effective and strategic land use planning in the 
WRMA should be guided by clear regional visions yet needs to be exercised to address 
local identity and values.  
Urban growth modeling has been demonstrated to be a powerful tool for helping 
to understand and predict future urban growth and land use changes. Combined with 
scenario planning, urban growth models are also widely used to explore the outcomes of 
urban growth under different policy and economic scenarios, and to support decision 
making by planners and policy makers (Berling-Wolff & Wu, 2004; Bihamta, Soffianian, 
Fakheran, & Gholamalifard, 2015; Verburg, Schot, Dijst, & Veldkamp, 2004). Among 
the various urban growth models, SLEUTH has been broadly and successfully used in 
different regions and countries (Bihamta et al., 2015; Chaudhuri & Clarke, 2013; Clarke, 
2008; Clarke & Gaydos, 1998; Clarke, Hoppen, & Gaydos, 1997; Jantz, Goetz, Donato, 
& Claggett, 2010; Oguz, Klein, & Srinivasan, 2007). Details of the utility of the 
SLEUTH model for simulating urban growth and land use changes can be found at 
http://www.ncgia.ucsb.edu/projects/gig/Pub/pubs.htm (Gigalopolis, 2001).  
However, there are two major challenges in using the SLEUTH model to simulate 
WRMA regional growth. The first is the computational challenge to simulate large-scale 
urban growth and land use changes (Chaudhuri & Clarke, 2013; Dietzel & Clarke, 2006, 
2007; Jantz et al., 2010; Jantz, Goetz, & Shelley, 2004). Recently, Jantz et al. (2010) 
modified SLEUTH to create SLEUTH-3r in order to address these computational 
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limitations. The second challenge is that land use patterns and processes are subject to 
scale variations. This means that patterns and processes of land use that are observed at 
one particular scale may not apply at another scale. For example, road networks and 
environmental factors such as slope and hillshade are dominant in large-scale urban 
growth modelling, but at the parcel level, land use changes are explicitly linked with 
individuals’ decisions and behaviors. SLEUTH reflects this scale sensitivity in its model 
performance. When it comes to simulating large regional growth with urban growth 
models, scalability becomes much more complex. On the one hand, urbanization patterns 
and land use changes are extremely heterogeneous across a large region. Thus, applying 
one single set of parameters to a whole region might undermine certain unique patterns 
pertaining to localities within the region. On the other hand, although subdividing the 
region into several smaller subregions is a common approach used in regional scale urban 
growth simulations, aggregating results from these subregions might discount the 
connectivity and spillover effects among them. 
This study adopted SLEUTH-3r to simulate WRMA regional growth under three 
different scenarios. A primary goal was to compare the outcomes of different urban 
growth scenarios and asses their implications for Utah’s agricultural land use and water 
resources management. A framework was developed to subdivide the WRMA region into 
several smaller, locally-identified subregions, within which we anticipated urban growth 
patterns would be relatively homogenous or similar, and to investigate subregional 
growth. In doing so, this study also compared how SLEUTH-3r performs as an 
aggregation of several subregional models and as a singular large regional-scale model. 
  
		
95 
2.  Modifications of SLEUTH-3r in                                                                          
relation to SLEUTH 
 
SLEUTH is a probabilistic, cellular automata model developed by Clarke in 1997 
(Clarke et al., 1997). A detailed history and background context of SLEUTH can be 
found at: http://www.ncgia.ucsb.edu/projects/gig/ (Gigalopolis, 2001). SLEUTH 
conceptually divides the land surface into a regular grid. Each cell in the grid has its own 
states of land use types and can independently transition to other land use states while 
taking into consideration the states of nearby cells (Clarke et al., 1997). SLEUTH learns 
from historical urbanization and land use change patterns, then applies observed past 
growth behaviors to project future growth (Solecki & Oliveri, 2004). There are five 
growth behavioral parameters SLEUTH uses to mimic the actual urban growth sequence 
through time: (1) diffusion, which controls the random likelihood of any cell being 
urbanized; (2) breed, the probability of an urbanized cell becoming an urban center; (3) 
spread, the regular outward expansion of existing urban cells; (4) road gravity, the 
attraction of new development towards roads; and, (5) slope resistance, the degree of 
resistance development exhibits to slope. Five coefficients range in value from 0 to 100, 
representing the relative contribution of each growth behavior to the overall urban growth 
dynamics within the study area.  
SLEUTH uses the Brute Force method and Monte Carlo method to run through 
coarse calibration, fine calibration, and final calibration to find the best set of five growth 
behavioral parameters for replicating the past urban growth (Chaudhuri & Clarke, 2013; 
Clarke & Gaydos, 1998). During coarse calibration, the range for each coefficient is 1 to 
100 with 5 steps for a total of 3125 runs, at 4 or 5 Monte Carlo simulation runs each. For 
		
96 
fine and final calibration, the range is narrowed, more Monte Carlo simulation runs are 
completed, and the number of steps may be increased or decreased as necessary. When 
the best-fit parameter set is found, SLEUTH then can use these parameters to predict 
future urban growth. Designing alternative scenarios in SLEUTH can be realized four 
ways: manipulate values of the parameters; develop exclusion/attraction layers that 
reflect different land use policies; adjust self-organization constraints; or, combinations 
of the first three (Leao, Bishop, & Evans, 2004; Oguz et al., 2007; Rafiee, Mahiny, 
Khorasani, Darvishsefat, & Danekar, 2009; Yang & Lo, 2003).  
However, several limitations exist in SLEUTH. First, when fine resolution data is 
used, SLEUTH oftentimes fails to generate an appropriate estimation of historical 
spontaneous new growth and overestimates edge growth (Jantz & Goetz, 2005; Jantz et 
al., 2010, 2004; Yang & Lo, 2003). Second, the fit statistics in describing how good the 
model parameters can replicate the historical growth are quite arbitrary and contradictory 
(Dietzel & Clarke, 2007; Jantz & Goetz, 2005; Jantz et al., 2010). Although SLEUTH 
produces several fit statistics, previous studies have found when one fit metric is 
optimized, the other fit metrics are often sacrificed with low fit scores (Dietzel & Clarke, 
2007; Jantz & Goetz, 2005; Jantz et al., 2010). Also, because SLEUTH uses the least 
squares regression score produced by four data points (from four years of historical data) 
to find the best-fit parameter set, this might lead SLEUTH to identify a set of parameters 
that well fits the four years’ historical urban growth but actually results in over- or under- 
fitting the overall actual growth trend (Clarke, 2008; Dietzel & Clarke, 2007; Jantz & 
Goetz, 2005; Jantz et al., 2010). The third limitation is SLEUTH is computationally 
demanding and inefficient, which was discussed in the earlier section.  
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In order to addresses these challenges, Jantz et al. (2010) developed a new version 
of SLEUTH, called SLEUTH-3r (US Geological Survey, 2015). The inability of the 
original SLEUTH to appropriately estimate diffusion growth was determined by the 
value of the diffusion coefficient multiplier (DM). DM, together with the diffusion 
coefficient, which is the number of pixels in the image diagonal, decide the number of 
cells that initialize dispersed growth at any given time (Clarke et al., 1997; Gigalopolis, 
2001). In the original SLEUTH, however, DM is set as a constant value equal to 0.005, 
resulting in the model’s inaccuracy in estimating diffusion growth (Jantz et al., 2010). In 
addressing this problem, SLEUTH-3r allows users to self-define the value of DM. With 
the feasibility of changing the value of DM, SLEUTH-3r is customized to better capture 
the spontaneous growth (Clarke & Gaydos, 1998; Clarke et al., 1997; Jantz et al., 2010). 
In SLEUTH-3r, DM must be set before the regular calibration starts. To find the best DM 
value, it first sets the diffusion coefficient to 100 while the other four coefficients are set 
to 0, then performs several calibration runs with one Monte Carlo iteration and with 
different DM values in each run to find the best-fit DM value (Jantz et al., 2010). When DM 
is set such that SLEUTH-3r is just able to capture and even overestimate the number of 
urban clusters (a parameter can be found in ration.log file), then normal calibration can 
start.  
Regarding the model’s measure on goodness of fit, SLEUTH-3r creates new 
metrics that directly compare the ratio, the difference, and the fractional difference of 
model variables (e.g., of the number of urban pixels and of the number of urban clusters) 
between the modeled results and the reality for each run and for each of the control years 
(Jantz et al., 2010). Although in the traditional SLEUTH, the “compare metric” measures 
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the ratio of the number of modeled urban pixels and the reality, it only compares the first 
year to the final year while omitting all the other control years. These new metrics in 
SLEUTH-3r (e.g., the ratio of the number of urban clusters between the model results and 
the real observation) help identify the parameter set that fits the historical urban growth 
through any given control year. Since it only takes two control years’ data to produce 
these metrics, another benefit of these new metrics is it lowers the input data 
requirements from four control years to two control years (Jantz et al., 2010). Of course, 
using more control years is highly encouraged as more control points in time would 
certainly increase the accuracy of model calibration and prediction (Clarke, 2008). When 
more than four control points data are available, these new metrics can be used in 
conjunction with the R squares for better calibration.  
To decrease memory requirements and improve processing speed, SLEUTH-3r 
reduced the RAM to 1 Byte per cell by converting a 32-bit type of computer storage to 8-
bit type (Jantz et al., 2010). Additionally, SLEUTH-3r uses a new road-searching 
algorithm to speed up the road searching process. In SLEUTH, the road search algorithm 
is in a cell-by-cell sequence, while in SLEUTH-3r the new algorithm creates a new data 
structure that only contains cells that have roads in them (Jantz et al., 2010). Another 
modification made to increase computational efficiency is that SLEUTH-3r only needs 
coarse calibration to find the best-fit parameter set. Jantz and Goetz (2005) demonstrated 
that model fit scores only increase minimally in fine and final calibration, and coarse 
calibration is enough to reveal the sensitivity of each parameter (Candau, 2002; Jantz et 
al., 2004). Goldstein, Dietzel, and Clarke (2005) and Clarke (2008) also showed that the 
high number of Monte Carlo iterations are not really necessary when it comes to 
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calibration, since almost all variance could be captured in the first few Monte Carlo 
iterations. For these reasons, SLEUTH-3r performs only 25 Monte Carlo iterations of 
coarse calibration, precludes the needs to perform additional calibrations, and 
significantly saves computational costs (Jantz et al., 2010).  
3. Study area and methods 
3.1. Study area 
The WRMA extends from the northern Utah border with Idaho to central Utah 
and consists of ten counties (Fig. 4.1). The Wasatch Mountain Range runs north-to-south 
through the region and geologically and geographically separates it into three locally-
recognized parts: the “Wasatch Front” (the metropolitan area encompassing the Ogden-
Salt Lake City-Orem/Provo corridor just west of the mountain range); the “Wasatch 
Back” (area east of the mountain range); and “Wasatch Neighboring” areas north and 
further west of the Wasatch Front that contain much of the rest of the Great Salt Lake 
Watershed. The Wasatch Front contains Utah’s four most urbanized counties (Weber, 
Davis, Salt Lake, and Utah Counties). The three Wasatch Neighboring counties (Cache, 
Box Elder, and Tooele) are undergoing rapid land use changes from agricultural-
dominated landscapes to urban development. The three Wasatch Back counties (Morgan, 
Summit, and Wasatch) are more rural and known for their scenic landscapes and 
abundant recreational opportunities. While it is anticipated that development will 
continue to occur in the already established Wasatch Front metropolitan areas, 
observations suggest that urban growth has expanded to neighboring counties and even to 
the back of the Wasatch Mountain Range (Utah Foundation, 2014b). Hence, statewide 
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efforts have been undertaken to envision Utah’s future and to develop conscious and 
practical policies to guide future growth in this larger regional area (Envision Utah, 2014; 
Utah Foundation, 2014b, 2014a).  
3.2. Subdividing the Wasatch Front                                                                      
metropolitan areas and data sources 
Although areas of the WRMA can generally be described as the Wasatch Front, 
Wasatch Back, and Wasatch Neighboring counties, studies have shown that there is 
variability between counties within each of these areas. Thus, an analytic framework was 
developed in our study to subdivide the region into several smaller subregions within 
which urban growth patterns are relatively homogenous or similar and distinct from other 
subregions. In this study we used counties as the smallest unit for analytically 
subdividing the WRMA region, which is a practical scale where political decisions about 
land use take place. There are ten counties within the WRMA. We characterized these ten 
counties based on their existing urban extent in 2011, growth rate between 2001 and 
2011, urban density in 2011, and patterns of new growth between 2001 and 2011. These 
measurements reflect different aspects of urban forms (e.g., rate, density, and pattern) and 
are consistent with the model variables in SLEUTH. Through comparative analysis of 
county scores on these measurements, we identified subregional patterns of growth 
within the WRMA.  
The data used to classify urban extent in these counties were obtained from the 
National Land Cover Database (NLCD) for the years 2001, 2006, and 2011 and were 
clipped to the WRMA boundaries. All of the datasets used in this study are documented 
in Table 4.1. Urban areas in the NLCD dataset are detailed into different levels of density 
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(open space, low density, medium density, and high density). For our analysis we 
consolidated all these subcategories into one urban category. In each county the urban 
growth rate is new urban development between 2001 and 2011 divided by the ten-year 
time period. Urban density equals the ratio of urban population to total urban extent. 
Patterns of new urban growth were calculated based on the methodology development by 
Liu, Li, Chen, Tan, Li, & Ai (2010) and reclassified into infill growth, edge growth, and 
outlying growth. An Area-Weighted Mean Expansion-Index (AWMEI) was computed 
within each county to get a sense of the relative dominance among the different growth 
patterns or how compact vs. sprawling the new growth was over those ten years. A mean 
of the total ten counties’ AWMEIs was also calculated; counties whose AWMEIs were 
above the mean were classified as sprawl, while the others were classified as compact. 
Afterwards, we used the Jenks Natural breaks classification method to break down the 
measurement of existing urban extent, growth rate, and urban density into three tiers 
(low, medium, high), respectively. Jenks Natural breaks classification minimizes the 
average deviation within classes and maximizes the variance between classes. Local 
knowledge and context were also taken into account in conjunction with these 
measurements to define the final categorizations of these subregions.  
3.3. Implementation of the SLEUTH-3r for                                                                          
the WRMA and subregions 
After successfully subdividing the WRMA into several subregions and obtaining 
appropriate data for the analyses, we applied SLEUTH-3r to each subregion as well as to 
the whole WRMA as a singular study area. This procedure allowed us to explore the 
scale aggregation effects of the model. The dataset used in each subregion as well as in 
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the region-wide WRMA includes slope, land use, excluded layer, urban extent, 
transportation network, and hillshade (Table 4.1). All datasets are at a 30-m*30-m 
resolution and were prepared according to SLEUTH protocols (Gigalopolis, 2001). As a 
first step, we did several calibration runs to find the best-fit DM value for each subregion 
and for the whole WRMA. In our study the DM value was chosen when SLEUTH-3r 
would overestimate the number of urban clusters by about 30%, which was suggested by 
Jantz et al. (2010). Then, we did 25 Monte Carlo iterations of coarse calibration for each 
subregion and the WRMA with a 4 node, 16 tasks per node high performance computing 
(HPC) cluster.  
Because we only used three years of land use datasets (2001, 2006, and 2011), we 
focused on the two most relevant metrics for deciding the best-fit set of parameters: Pixel 
Fractional Difference (PFD) and Cluster Fractional Difference (CFD). PFD and CFD are 
produced in the calibration at each run and each control year. PFD and CFD are the 
fractional differences between the modeled results and the reality on the amount of urban 
pixels and the amount of urban clusters, respectively (Jantz et al., 2010). PFD and CFD 
can be negative or positive, indicating an underestimation or overestimation from the 
model to the historical reality. The smaller the absolute value of PFD or CFD is, the 
better the parameter set fits the data. An accurate fit of PFD ensures the model well 
represents the overall amount of urban development, and an accurate fit of CFD ensures 
the model captures the number of urban clusters, which is directly linked with how well 
the model identifies clustered versus dispersed urban development patterns (Jantz et al., 
2010). We selected parameter sets that were able to match both PFD and CFD in both of 
years 2006 and 2011 within ±5%. When 5% could not be met, we enlarged the range to 
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±10%. The primary selection criterion is to control both PFD and CFD in both years 2006 
and 2011 to be as small as possible. It is possible that there would be more than one set of 
the parameters where PFD and CFD are within the ±5% range. For that reason we used 
each of these possible parameter sets to predict urban growth from 2001 to 2011 to 
validate each parameter set’s performance. Since we have the observed historical growth 
data at 2006 and 2011, and the model produces simulated 2006 and 2011 urban growth 
maps, we can compare how well each different parameter set fits with observed reality 
and then choose the best behaved parameter set. In each prediction run, 25 iterations of 
Monte Carlo runs were computed. This procedure of SLEUTH-3r is new to traditional 
SLEUTH, and it definitely increases the accuracy of the SLEUTH calibration process. 
3.4. Urban growth scenarios and forecasts  
Scenarios are created through the manipulation of the excluded layer in this study. 
The excluded layer designates lands that are resistant to urban development. In the 
excluded layer, each pixel is usually scaled from 0 (no exclusion from development) to 
100 (completely excluded from development). As mentioned in the introduction, 
preservation of agricultural landscapes and managing water resources to meet a variety of 
environmental and economic needs are important considerations in planning for Utah’s 
future growth. Thus, we developed three alternative scenarios to explore how conserving 
Utah’s agricultural lands and maintaining healthy watersheds would affect the patterns 
and trajectories of urban development.  
The first scenario is a “Business as Usual” scenario. In this scenario, federal, 
state, and local parks, conservation easement areas, and surface water bodies were 
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completely excluded (value = 100) from development, and all the remaining lands were 
naively assumed to be developable (value = 0). This is the same excluded layer that was 
also used during model calibration. Under this scenario we hypothesized that future urban 
grow will occur following the historical growth behaviors and trajectories, and no 
changes in land designations or policies to restrict future growth will be implemented. 
The second scenario is an “Agricultural Conservation” scenario. Within the 
developable areas that we identified earlier, we then identified places that are classified 
by the United States Department of Agriculture (USDA) as prime farmland, unique 
farmland, farmland of statewide importance, farmland of local importance, prime 
farmland if irrigated, and prime farmland if irrigated and drained. Each of these classes 
were assigned with an exclusion value from urban development of 100, 80, 70, 60, 50, 
and 40, respectively. These exclusion values reflect the relative importance of each 
farmland classification and preservation priorities. Through this procedure, the model 
discourages but does not totally eliminate growth from occurring on agricultural lands, 
which reflects a general policy position to conserve agricultural landscapes while 
respecting landowners’ rights to sell private property. 
A “Healthy Watershed” scenario aims to direct urban growth away from areas 
prone to flooding and areas critical for maintaining healthy watersheds. First, we made a 
200-meter buffer around existing surface water bodies and wetlands and assigned these 
areas an exclusion value of 100 to keep growth from occurring there. In addition, we 
assigned areas that have frequent, occasional, rare and no-recorded flooding events with 
exclusion values of 100, 70, 40, and 0, accordingly. We also incorporated the critical 
watershed restoration areas identified by the Watershed Restoration Initiative of Utah 
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Division of Wildlife Resources (Utah Department of Natural Resources, 2016) into this 
scenario. These watershed restoration areas are priority places for improving water 
quality and yield, reducing catastrophic wildfires, restoring the structure and function of 
watersheds following wildfire, and increasing habitat for wildlife populations and acreage 
for sustainable agriculture. However, there are not yet legal provisions for protecting 
them from urbanization, so we assigned these areas a value of 70 to explore the potential 
urban expansion outcomes if growth were encouraged elsewhere. 
For model predictions, each of these three scenarios was applied to each of the 
analytically-identified subregions and to the whole WRMA as a singular study area based 
on exactly the same criteria. The parameter set that derived from calibrations was used 
for each subregion and the singular WRMA, accordingly. Prediction simulations were 
initialized with the latest year’s urban extent input (2011), and we set the finishing year at 
2040. Fifty Monte Carlo iterations were applied during model predictions. To compare 
the outcomes of the three scenarios under both modeling approaches, we extracted the 
urban extent of 2011 from the simulated urban extent in 2040. This approach enabled us 
to identify where growth was predicted to occur and where there were hotspots for urban 
development under each scenario.  
3.5. Scenarios assessment 
Regarding the effects of urban growth under the scenarios, we took two 
measurements based on the importance of agriculture and water resources. The first one 
relates to the loss of other land uses to urban development, particularly from the 
agricultural sector. The second relates to the potential shift of water uses caused by the 
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loss of irrigated agricultural lands. To evaluate the conversion of the other land uses to 
urban development, we overlaid the simulation results of future urban extent with the 
existing urban extent in 2011. Then we compared the commonality and divergence 
between different scenarios and modeling approaches.  
Converting irrigated agricultural lands into urban development generally entails a 
change in water use, most often through transfer from agricultural use to urban use or 
sometimes through reallocation to other agricultural or industrial users. Here we explored 
how much water potentially will be affected by the predicted transition from agricultural 
lands use to urban land use. The conversion of irrigated agricultural lands to urban 
development was measured by overlaying simulated urban extent in 2040 with irrigated 
agricultural lands in 2015 (data obtained from Utah Division of Water Resources, see 
Table 4.1). According to the U.S. Geological Survey’s estimation, the average water 
application rate for agricultural irrigation in Utah was 2.70 acre-feet/acre in 2010 
(Maupin et al., 2014:26). This application rate was calculated by dividing total water 
withdrawals by total acreage of irrigated land. Withdrawal or diversion of water is 
different than depletion amount; under prior appropriation water law, only the depletion 
amount is available for transfer to another use in order to maintain the water balance in an 
area. Analysis of the amounts of water that can be transferred when agricultural lands 
transition to other uses is currently being debated in Utah policy circles. As a very rough 
estimate of the total volume of water that could potentially be affected by urban 
development, we multiplied the amount of lost irrigated agricultural lands by 2.70 acre-
feet/acre. This evaluation step helps illustrate the implications of various urban growth 
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scenarios on alternative water uses and forecasts the management challenges that are 
associated with a potential shift in water distribution and use patterns.  
4. Results 
4.1. Characterizing growth in subdivisions                                                                               
of the WRMA 
Initial results of the ten counties’ current existing urban extent in 2011, growth 
rate, urban density, and general growth pattern are shown in Table 4.2. Analytic 
comparisons of the patterns across all the measurements in Table 4.2 for similarities and 
differences reveals five subregions (Fig. 4.2). The first one is the steady compact growth 
subregion, which includes Davis, Salt Lake, and Weber counties. These counties lie on 
the Wasatch Front and have a large foundation of existing urban areas. They have also 
displayed a higher urban growth rate and higher urban density relative to the rest of the 
WRMA counties. Growth patterns in these counties are also relatively compact. The 
second subregion is characterized as expansive high growth subregion and distinguishes 
Utah County from the other three counties of the Wasatch Front. Although Utah County 
had a comparatively large size of urban areas in 2011 and fast growth rate from 2001 and 
2011 like the other Wasatch Front counties in the first subregion, it exhibits clear 
distinctions in growth patterns with fairly sprawled urbanization, as evidenced by the 
second lowest AWMEI score of all counties. The third subregion is expansive low growth 
subregion, which characterizes and distinguishes Morgan, Summit, and Wasatch 
counties. Counties in this subregion generally have small-sized urban areas. Urban 
densities and the rates of urban growth are relatively low, and urban growth patterns are 
expansive and dispersed. Another subregion is compact low growth subregion, made up 
		
108 
of Box Elder and Tooele counties. In this region, counties have small-sized urban areas, 
with low urban density, and compact new development. The last subregion is Cache 
County as expansive medium growth subregion. Although Cache County could 
potentially be grouped into the expansive low growth subregion, it is geophysically 
isolated from the other counties in that subregion and has a larger urban extent and higher 
urban density. Therefore, we decided to model Cache County separately from that group. 
To conclude, the five subregions applied in this study for exploring the model 
aggregation effects are: Cache County; Weber-Davis-Salt Lake subregion; Utah County; 
Tooele-Box Elder subregion; and Morgan-Summit-Wasatch subregion.  
4.2. Calibration of SLEUTH-3r 
A customized DM value is key to address SLEUTH’s bias towards edge growth 
and increase its ability to detect each subregion’s unique dispersion settlement patterns. 
For all subregions, we were able to identify a DM value that would overestimate the 
number of urban clusters by 30% (Table 4.3). 
Through calibration, we identified a best-fit parameter set for each subregion and 
the whole WRMA (Table 4.4) that would match the overall amount of urban pixels and 
urban clusters within 10% in both year 2006 and 2011 (Table 4.5). Generally, PFD 2006 
and CFD 2011 had a match within 5% in all the subregions. In order to further validate 
the model’s performance, we also calculated the spatial incongruity between the 
simulated urban extent and the actual observed history. Figure 4.3 panels (a) and (b) 
show the mismatches between the modeled urban extent and the actual urban extent in 
2006 and 2011, respectively, when SLEUTH-3r was applied to all the subregions 
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individually. Figure 4.3 panels (c) and (d) show the mismatches between the modeled 
urban extent and the actual urban extent in 2006 and 2011 when we simulated the 
WRMA as a singular study area. It is evident that SLEUTH-3r had a better fit in Cache 
County, Box Elder-Tooele subregion, and Wasatch-Summit-Morgan subregion when 
these subregions were modeled separately. Also, the overall fit in the Salt Lake-Davis-
Weber subregion and Utah County subregion were better when the WRMA was modeled 
as a singular study area.  
4.3. Urban growth forecasts to 2040 
Forecasts of urban growth in 2040 under the three scenarios are shown in Figures 
4.4 and 4.5. When the WRMA was divided into subregions and each modeled 
individually (shown in panels a, b, and c in each figure), the subregions responded to 
each scenario differently than they did when the WRMA was modeled as a single region 
(shown in panels d, e, and f in each figure). For example, the Cache County, Tooele-Box 
Elder, and Wasatch-Morgan-Summit subregions showed little growth from 2011 to 2040 
under all three scenarios in the subregional modeling (Table 4.6, and Fig. 4.5 (a), (b), 
(c)). We suspect that models applied in these subregions suffer from over-fitting. It is 
evident that the low spread coefficient value (Table 4.4) has led to a simulation with the 
least or no changes. Second, under the Business as Usual scenario, the Salt Lake-Davis-
Weber subregion and Utah County subregion presented a continuation and intensification 
of development trends that we observed during 2001 to 2011 (Fig. 4.4 and 4.5). However, 
the Agricultural Conservation scenario did not greatly affect growth in the Salt Lake-
Davis-Weber subregion compared with the Business as Usual scenario. Instead, the 
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Healthy Watershed scenario appeared to limit growth in the Salt Lake-Davis-Weber 
subregion by about 300-km2 (Table 4.6) and directed growth away from areas adjacent to 
the Great Salt Lake (Fig. 4.5). On the other hand, the Utah County subregion displayed 
great sensitivity to the Agricultural Conservation scenario. This is likely related to the 
fact that Utah County is one of the primary agricultural production counties in Utah, and 
a large amount of agricultural lands still remain there. 
When the WRMA is modeled as a singular study area under the various scenarios, 
we observe that the Salt Lake-Davis-Weber subregion and the Utah County subregion 
continue to grow, but more growth is directed to the northern Cache County subregion 
and the northwestern Box Elder-Tooele subregion (Table 4.6 and Fig. 4.5). In general, the 
Agricultural Conservation scenario and Healthy Watershed scenario allow less 
development in the WRMA, compared with the Business as Usual scenario (Fig. 4.4 and 
Table 4.6). Interestingly, there are not that many differences in terms of the amount of 
development and the spatial distribution of new development between the Agricultural 
Conservation scenario and the Healthy Watershed scenario (Table 4.6 and Fig. 4.5). 
4.4. Scenario evaluations on land use                                                                      
conversions and water management  
Generally, agricultural lands are predicted to be the biggest source of future urban 
development and grasslands the second largest source under both modeling approaches 
(Fig. 4.6). Wetlands appear to be the third major land source for future urban 
development in all five subregions besides the Wasatch-Summit-Morgan subregion under 
the Business as Usual scenario. This is a particularly striking observation in the Salt 
Lake-Davis-Weber subregion: specifically, about 40-km2 of wetlands are projected to be 
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developed under current trends when the model is applied subregionally (Fig. 4.6 (a)), 
and about 30-km2 under the WRMA region-wide model (Fig.4.6 (b)). Overall, both the 
Agricultural Conservation and Healthy Watershed scenarios have demonstrated strong 
effects on reducing the amount of new urban development under both modeling 
approaches.  
As an affirmation of our finding in Section 4.3, when the WRMA is being 
modeled as a singular large study area, the Tooele-Box Elder subregion is expected to 
have the largest amount of urban development by 2040 (Fig. 4.6 (b)). Although in our 
subregional model (Fig. 4.6 (a)), the Cache County subregion is projected to have little 
urban growth, it is expected to have as much urban development as the Salt Lake-Davis-
Weber subregion from a WRMA region-wide model (Fig. 4.6 (b)). Also, in the WRMA 
region-wide model, urban development in the Wasatch-Summit-Morgan and Tooele-Box 
Elder subregions would occur on grassland at roughly the same rate as on agricultural 
lands. 
Under both modeling approaches, the two alternative scenarios (Agricultural 
Conservation and Healthy Watershed) reduce the amount of new urban development on 
irrigated agricultural lands (Table 4.7), consequently causing less amounts of water that 
would likely be affected or potentially transferred to other uses. In the Salt Lake-Davis-
Weber subregional model, the Healthy Watershed scenario would ensure much more 
water remains in the agricultural sector, while in the Utah subregional model, the 
Agricultural Conservation Scenario appears to be more effective at reducing the amounts 
of water that would likely be transferred to other uses. In the WRMA region-wide model, 
Cache County and Tooele-Box Elder subregions seem to be the most vulnerable places in 
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terms of irrigated agricultural land loss and potential water changes if current growth 
trends continue. Also, we found that the Agricultural Conservation and Healthy 
Watershed scenarios have proven to have almost identical effects on protecting irrigated 
agricultural lands and remaining water rights across all subregions in the region-wide 
model.  
5. Discussion 
5.1. SLEUTH-3r performance 
In application to our case study, SLEUTH-3r confirmed its improved capacity for 
processing large and fine resolution input layers and simulating urban growth in large 
study areas. DM values chosen for each subregion range from 0.0001 to 0.012, which 
demonstrated the great heterogeneity of the urban settlement patterns within the WRMA. 
The new metrics, PFD and CFD, served as useful indicators of the model’s fitness when 
we only had three years’ data available. However, after the coarse calibration, model 
results did show a range of options of the potential best-fit parameter sets that were able 
to match PFD and CFD in both year 2006 and year 2011 within ±5%. We tested all these 
potential parameter sets and choose the set with the best validation results. However, our 
study proved that relying solely on CFD and PFD to decide the best parameter set might 
not be sufficient and efficient enough, and leads to the lack of justification for deciding 
the final best-fit set choice. Thus, we suggest using more control years’ data and 
combining other fit metrics like Optimum SLEUTH Metric (OSM) for deriving the best-
fit parameter set. Nonetheless, we still value the usefulness of PFD and CFD and the 
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possibilities that PFD and CFD enabled for model calibration based on two or three years 
of datasets. 
In examining the amount and the spatial configuration of urban development 
estimated by the model and the observed urbanization of 2011 (Fig. 4.3), it appears that 
the fringes of the Salt Lake-Davis-Weber subregion and Utah County subregion are 
where the model consistently mismatches in both control years and under both modeling 
approaches. These results imply it is still challenging for SLEUTH-3r to capture the 
heterogeneous urban development patterns in densely developed areas. On the contrary, 
our validation results show great matches in the Cache County, Tooele-Box Elder, and 
Wasatch-Summit-Morgan subregional models (Fig. 4.3 (a) and (b)), but over-fitting did 
emerge when it came to future urban development simulation. SLEUTH-3r made 
modifications to correct the mistake of overestimating edge growth that would have 
occurred with the original SLEUTH. Our study, however, indicates that SLEUTH-3r 
might have over-corrected the original model and suppressed the spread coefficient. In 
our case we chose the DM when it overestimated the number of urban clusters by 30%. 
We suggest that further research needs to test how to appropriately select the DM value 
and how DM value affects the fitness of the model. 
5.2. Subregional modeling vs. region-wide                                                                         
modeling 
This study investigated the importance of subregional modeling for large regions. 
A region like Utah’s WRMA includes various geographic subregions with different types 
of urban growth. It is difficult to use one model to characterize the variations of urban 
growth. Because of the over-fitting results in three of the subregional models (Cache 
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County subregion, Box Elder-Tooele subregion, and Wasatch-Summit-Morgan 
subregion), however, we were not able to fully evaluate the submodel aggregation 
effects. But based on the subregional modeling results of the Salt Lake-Davis-Weber 
subregion and the Utah County subregion, we found that the WRMA region-wide model 
displayed altered growth patterns (see results in section 4.3). Subregional model results of 
the Salt Lake-Davis-Weber subregion and the Utah County subregion indicated that the 
development trajectory of Utah’s most urbanized subregions will continue to grow but 
most of the growth will be contained inside these subregions. On the other hand, the 
region-wide WRMA model illustrated the spillover effects that the WRMA’s 
urbanization would entail, directing more growth into the northern less developed areas 
while maintaining the current urban form and density in the Salt Lake-Davis-Weber 
subregion and the Utah County subregion. Based on our familiarity and knowledge of the 
WRMA’s locality, we think that the WRMA region-wide model is more realistic and 
captures the urban growth connectivity and spillover effects among the subregions. 
However, it is possible that the subregional SLEUTH-3r model did not pick up the 
spillover implications because of the edge effects of subregions. Potential alternative 
modeling applications could be to make a buffer around the subregional boundaries; 
however, what would be the right buffer distance to capture the spillover effects and 
whether the buffer would vary across the region are questions worth exploring. How to 
include both the geographic variations and regional effects is a continuing challenge in 
regional urban growth simulation that deserves further research. 
 
 
		
115 
5.3. Scenarios 
Three scenarios were created to research the tradeoffs between different growth 
patterns and their effects on agricultural landscapes and water resources. It is not 
surprising to find that the Business as Usual scenario led to an intensifying and expansive 
growth pattern, assuming that no growth management or protections for various type of 
lands will take place. These results, however, do provide a compelling visual to foresee 
the consequences of not taking any actions to manage urban growth. Also, the Business 
as Usual scenario serves as a baseline to evaluate other alternative scenarios.  
Results of alternative scenarios in each subregion vary under both modeling 
approaches. Some regions (e.g., Salt Lake-Davis-Weber) are more sensitive to the 
Healthy Watershed scenario, while other regions (e.g., Utah County) are likely more 
sensitive to the Agricultural Conservation scenario. This reveals the necessity to have 
localized growth visions and management plans for each subregion to tackle various 
specific goals. A vision that suits one subregion well might not necessarily result in 
desirable or acceptable results in the other subregions.  
Modeling approaches also have impacts on scenario results. As shown in the 
Results section, under the region-wide model, the Agriculture Conservation scenario and 
Healthy Watershed scenario proved to have equal effects in reducing the development on 
irrigated agricultural lands and hence the potential shifting of water uses. However, under 
the subregional models, results show these two scenarios have varying effectiveness on 
reducing impacts to existing water uses in different subregions. While scenario planning 
is a broadly used approach, it is critical to be aware of the impacts of modeling methods 
on the outcomes of each scenario. 
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5.4. Land conversion and implications for                                                                         
water management 
 
Notably, agricultural lands are presented with serious challenges from urban 
development under all scenarios and under both modeling approaches. If Utah plans to 
preserve its agricultural landscapes and associated cultural heritage, tightened agricultural 
lands protection policies need to be put in place.  
Wetlands are also threatened by urban growth, especially in the Salt Lake-Davis-
Weber subregion. This is mainly caused by the close proximity between the subregion 
and the Great Salt Lake, and by the fact that urban development has saturated the Salt 
Lake-Davis-Weber subregion, and the region is running out of suitable places for growth. 
However, our modeling results of both approaches (Fig. 4.6) proved that by keeping 
urban growth out of a 200-meter buffer zone of wetlands (in the Healthy Watershed 
Scenario), it would effectively avoid the conversion of wetlands to urban development. 
Under the Business as Usual scenario, the amount of development on irrigated 
agricultural lands projected by the WRMA region-wide model is about twice what the 
subregional models predicted. The spillover effects that were captured in the regional 
model obviously present potential impacts on irrigated agricultural lands and related 
water resources. But, with the Healthy Watershed scenario or the Agricultural 
Conservation scenario, these impacts can be substantially reduced. As shown in Table 
4.7, the two alternative scenarios can reduce 12–15% the volumes of water that are 
affected by transitioning agricultural lands to urban development compared with the 
Business as Usual scenario. More importantly, the criteria used to build the two 
alternative scenarios are not too stringent to be feasibly implemented. 
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6. Conclusion 
In this study we used SLEUTH-3r to simulate regional growth under three 
scenarios in the large WRMA, Utah. SLEUTH-3r has demonstrated its great ability for 
large-scale and fine-resolution urban growth simulation. However, over-fitting still 
appears to be a major challenge. Our modeling results indicate that subdividing a large 
region might undermine the regional effects of urban growth and lead to divergent 
simulation outcomes.  
We also found that different subregions responded to the same scenario 
differently, and one scenario that achieves its design objectives well might not work well 
in the other subregions. This finding reinforces the need to develop contextualized and 
localized growth management plans. Additionally, our modeling results reveal that 
agricultural lands emerges as the major land source for future urban development under 
all scenarios. Targeting potential urban growth areas for agricultural lands preservation 
merits political attention and action.  
References 
Albrechts, L. (2004). Strategic (spatial) planning reexamined. Environment and Planning 
B: Planning and Design, 31(5), 743–758. https://doi.org/10.1068/b3065 
Anderson, D. L. (2002). Utah’s perspective¾the Colorado River. Utah Division of Water 
Resources. Retrieved from 
http://www.water.utah.gov/InterstateStreams/PDF/TheColoradoRiverart.pdf 
 
 
		
118 
Arnold, C. A. (2005). Is wet growth smarter than smart growth? The fragmentation and 
integration of land use and water. Environmental Law Reporter, 35(3), 10152–
10178. https://papers.ssrn.com/sol3/papers.cfm?abstract_id=1040821 
Baker, J. M., Everett, Y., Liegel, L., & Van Kirk, R. (2014). Patterns of irrigated 
agricultural lands conversion in a western U.S. watershed: implications for 
landscape-level water management and land-use planning. Society & Natural 
Resources, 27(11), 1145–1160. https://doi.org/10.1080/08941920.2014.918231 
Bates, S. (2011). Bridging the governance gap: strategies to integrate water and land use 
planning. Center for Natural Resources and Environmental Policy, The University 
of Montana. Retrieved from 
http://scholar.law.colorado.edu/cgi/viewcontent.cgi?article=1022&context=water-
resources-and-transformation-of-American-West 
Bekker, M. F., Justin DeRose, R., Buckley, B. M., Kjelgren, R. K., & Gill, N. S. (2014). 
A 576-year Weber River streamflow reconstruction from tree rings for water 
resource risk assessment in the Wasatch Front, Utah. JAWRA Journal of the 
American Water Resources Association, 50(5), 1338–1348. 
https://doi.org/10.1111/jawr.12191 
Bengston, D. N., Fletcher, J. O., & Nelson, K. C. (2004). Public policies for managing 
urban growth and protecting open space: policy instruments and lessons learned 
in the United States. Landscape and Urban Planning, 69(2–3), 271–286. 
https://doi.org/10.1016/j.landurbplan.2003.08.007	
 
 
		
119 
Berling-Wolff, S., & Wu, J. (2004). Modeling urban landscape dynamics: A case study in 
Phoenix, USA. Urban Ecosystems, 7(3), 215–240. 
https://doi.org/10.1023/B:UECO.0000044037.23965.45 
Bihamta, N., Soffianian, A., Fakheran, S., & Gholamalifard, M. (2015). Using the 
SLEUTH urban growth model to simulate future urban expansion of the Isfahan 
Metropolitan Area, Iran. Journal of the Indian Society of Remote Sensing, 43(2), 
407–414. https://doi.org/10.1007/s12524-014-0402-8 
Candau, J. T. (2002). Temporal calibration sensitivity of the SLEUTH urban growth 
model (Dissertation). University of California, Santa Barbara, United States. 
Retrieved from http://cddthema.univ-fcomte.fr/doc_num.php?explnum_id=377. 
Chaudhuri, G., & Clarke, K. C. (2013). The SLEUTH land use change model: a review. 
Environmental Resources Research, 1(1), 88–105. 
https://doi.org/10.22069/ijerr.2013.1688 
Clarke, K. C. (2008). A decade of cellular urban modeling with SLEUTH: unresolved 
issues and problems. In Richard K. Brail (Ed.), Planning support systems for 
cities and regions (pp. 47–60). Cambridge, MA: Lincoln Institute of Land Policy. 
Clarke, K. C., & Gaydos, L. J. (1998). Loose-coupling a cellular automaton model and 
GIS: long-term urban growth prediction for San Francisco and 
Washington/Baltimore. International Journal of Geographical Information 
Science, 12(7), 699–714. https://doi.org/10.1080/136588198241617 
 
 
 
		
120 
Clarke, K. C., Hoppen, S., & Gaydos, L. (1997). A self-modifying cellular automaton 
model of historical urbanization in the San Francisco Bay Area. Environment and 
Planning B: Planning and Design, 24(2), 247–261. 
https://doi.org/10.1068/b240247 
Daniels, T. (1999). When city and country collide: managing growth in the metropolitan 
fringe. Washington, D.C: Island Press. Retrieved from 
https://islandpress.org/book/when-city-and-country-collide 
Dietzel, C., & Clarke, K. C. (2006). Decreasing computational time of urban cellular 
automata through model portability. GeoInformatica, 10(2), 197–211. 
https://doi.org/10.1007/s10707-006-7579-0 
Dietzel, C., & Clarke, K. C. (2007). Toward optimal calibration of the SLEUTH land use 
change model. Transactions in GIS, 11(1), 29–45. https://doi.org/10.1111/j.1467-
9671.2007.01031.x 
Envision Utah. (1999). Greater Wasatch Area housing analysis. Envision Utah. 
Retrieved from http://envisionutah.org/images/reports-
resources/1999_Greater_Wasatch_Area_Housing_Analysis.pdf 
Envision Utah. (2007). Utah values & future growth (Harris Interactive report). Envision 
Utah. Retrieved from http://envisionutah.org/images/reports-
resources/Utah_Value_To_Growth_Harris.pdf 
Envision Utah. (2014). Market-driven growth scenario (RCLCO). Envision Utah. 
Retrieved from http://envisionutah.org/tools/other-research-reports 
Gigalopolis. (2001). Project Gigalopolis, NCGIA. [Website]. Retrieved from 
http://www.ncgia.ucsb.edu/projects/gig/ 
		
121 
Goldstein, N. C., Dietzel, C., & Clarke, K. C. (2005). Don’t stop ’til you get enough–
sensitivity testing of Monte Carlo iterations for model calibration. In Proceedings 
of the 8th International Conference on GeoComputation. University of Michigan, 
United States. Retrieved from 
http://www.geog.leeds.ac.uk/groups/geocomp/2005/Goldstein1.pdf 
Innes, J. E. (1996). Planning through consensus building: a new view of the 
comprehensive planning ideal. Journal of the American Planning Association, 
62(4), 460–472. https://doi.org/10.1080/01944369608975712 
Innes, J. E., & Booher, D. E. (1999). Consensus building as role playing and bricolage. 
Journal of the American Planning Association, 65(1), 9–26. 
https://doi.org/10.1080/01944369908976031 
Innes, J. E., & Booher, D. E. (2010). Planning with complexity: an introduction to 
collaborative rationality for public policy. London and New York: Routledge.  
ISBN 978 0 415 77931 9. 
Jantz, C. A., & Goetz, S. J. (2005). Analysis of scale dependencies in an urban land-use-
change model. International Journal of Geographical Information Science, 19(2), 
217–241. https://doi.org/10.1080/13658810410001713425 
Jantz, C. A., Goetz, S. J., Donato, D., & Claggett, P. (2010). Designing and implementing 
a regional urban modeling system using the SLEUTH cellular urban model. 
Computers, Environment and Urban Systems, 34(1), 1–16. 
https://doi.org/10.1016/j.compenvurbsys.2009.08.003 
 
 
		
122 
Jantz, C. A., Goetz, S. J., & Shelley, M. K. (2004). Using the SLEUTH urban growth 
model to simulate the impacts of future policy scenarios on urban land use in the 
Baltimore-Washington Metropolitan Area. Environment and Planning B: 
Planning and Design, 31(2), 251–271. https://doi.org/10.1068/b2983 
Kupel, D. E. (2006). Fuel for growth: water and Arizona’s urban environment. Tucson 
AZ: University of Arizona Press. ISBN 978 0 8165 2170 8. 
Lagendijk, A. (2001). Regional learning between variation and convergence: the concept 
of “mixed land-use” in regional spatial planning in the Netherlands. Canadian 
Journal of Regional Science, 24(1), 135–154. http://cjrs-rcsr.org/archives/24-
1/LAGENDIJK.pdf 
Lang, R. E., Sarzynski, A., & Muro, M. (2008). Mountain megas: America’s newest 
metropolitan places and a federal partnership to help them prosper. Washington, 
D.C: Brookings Institution. Retrieved from 
https://www.brookings.edu/research/mountain-megas-americas-newest-
metropolitan-places-and-a-federal-partnership-to-help-them-prosper/ 
Leao, S., Bishop, I., & Evans, D. (2004). Simulating urban growth in a developing 
nation’s region using a cellular automata-based model. Journal of Urban 
Planning and Development, 130(3), 145–158. 
https://doi.org/10.1061/(ASCE)0733-9488(2004)130:3(145) 
Li, E., Li, S., & Endter-Wada, J. (2016). Water-smart growth planning: linking water and 
land in the arid urbanizing American West. Journal of Environmental Planning 
and Management, 60(6), 1056-1072.  
http://dx.doi.org/10.1080/09640568.2016.1197106 
		
123 
Liu, X., Li, X., Chen, Y., Tan, Z., Li, S., & Ai, B. (2010). A new landscape index for 
quantifying urban expansion using multi-temporal remotely sensed data. 
Landscape Ecology, 25(5), 671–682. https://doi.org/10.1007/s10980-010-9454-5 
Maupin, M. A., Kenny, J. F., Hutson, S. S., Lovelace, J. K., Barber, N. L., & Linsey, K. 
S. (2014). Estimated use of water in the United States in 2010: U.S. Geological 
Survey Circular 1405. Retrieved from https://dx.doi.org/10.3133/cir1405. 
Niehoff, D., Fritsch, U., & Bronstert, A. (2002). Land-use impacts on storm-runoff 
generation: scenarios of land-use change and simulation of hydrological response 
in a meso-scale catchment in SW-Germany. Journal of Hydrology, 267(1–2), 80–
93. https://doi.org/10.1016/S0022-1694(02)00142-7 
Oguz, H., Klein, A. G., & Srinivasan, R. (2007). Using the SLEUTH urban growth model 
to simulate the impacts of future policy scenarios on urban land use in the 
Houston-Galveston-Brazoria CMSA. Research Journal of Social Sciences, 2(1), 
72–82. 
http://www.ncgia.ucsb.edu/projects/gig/Repository/references/Houston_TX/10.1.
1.118.7250.pdf 
Rafiee, R., Mahiny, A. S., Khorasani, N., Darvishsefat, A. A., & Danekar, A. (2009). 
Simulating urban growth in Mashad City, Iran through the SLEUTH model 
(UGM). Cities, 26(1), 19–26. https://doi.org/10.1016/j.cities.2008.11.005 
Solecki, W. D., & Oliveri, C. (2004). Downscaling climate change scenarios in an urban 
land use change model. Journal of Environmental Management, 72(1–2), 105–15. 
https://doi.org/10.1016/j.jenvman.2004.03.014	
 
		
124 
Toelken, B. (1991). Traditional water narratives in Utah. Western Folklore, 50(2), 191–
200. https://doi.org/10.2307/1500047 
US Census Bureau. (2010). Growth in urban population outpaces rest of nation, Census 
Bureau reports. Retrieved from 
https://www.census.gov/newsroom/releases/archives/2010_census/cb12-50.html 
US Geological Survey. (2015). SLEUTH-3r. Retrieved from 
https://egscbeowulf.er.usgs.gov/geninfo/downloads/ 
Utah Department of Natural Resources. (2016). Utah’s Watershed Restoration Initiative. 
Retrieved from https://wri.utah.gov/wri/ 
Utah Foundation. (2014a). A snapshot of 2050: an analysis of projected population 
change in Utah (No.720). Utah Foundation. Retrieved from 
http://www.utahfoundation.org/uploads/rr720.pdf 
Utah Foundation. (2014b). Roadmap to 2050: planning for Utah’s future infrastructure 
needs. Utah Foundation. Retrieved from 
http://www.utahfoundation.org/uploads/rr721.pdf 
Verburg, P. H., Schot, P. P., Dijst, M. J., & Veldkamp,  A. (2004). Land use change 
modelling: current practice and research priorities. GeoJournal, 61(4), 309–324. 
https://doi.org/10.1007/s10708-004-4946-y 
Yang, X., & Lo, C. P. (2003). Modelling urban growth and landscape changes in the 
Atlanta metropolitan area. International Journal of Geographical Information 
Science, 17(5), 463–488. https://doi.org/10.1080/1365881031000086965 
 
 
		
125 
Zollinger, B., & Krannich, R. S. (2001). Utah agricultural operators’ attitudes toward 
commonly used agricultural lands preservation initiatives. Journal of the 
Community Development Society, 32(1), 35–64. 
https://doi.org/10.1080/15575330109489692 
 
  
		
126 
Tables and figures  
Table 4.1 Data used in this study. 
Uses Names Data source 
Subdivision of 
the WRMA 
Urban extent 
in 2001, 2006, 
and 2011 
Derived from National Land Cover database 
(NLCD) of 2001, 2006, and 2011 
County level 
population 
data for 2001 
and 2011 
Obtained from Utah Governor's Office of 
Management and Budget; estimates are based on 
US Census population data in the years 2000 and 
2010. 
SLEUTH 
Implementation 
Slope 
Obtained from the Utah Automated Geographic 
Reference Center (AGRC), which is created from 
the United States Geological Survey (USGS) 7.5 
min elevation model 
Land use Derived from NLCD data for 2001 and 2011 
Excluded 
layer 
Derived from Utah Landownership map obtained 
from Utah AGRC 
Urban extent Derived from NLCD 2001, 2006, and 2011 datasets 
Transportation 
network 
Derived from US Census TIGER/Line shapefile for 
2000 and 2011 
Hillshade Obtained from the Utah AGRC, which is created from USGS 7.5 min elevation model 
Scenario 
Building 
Agricultural 
lands 
classification 
Obtained from Utah Department of Agriculture and 
Food, which is created from the Soil Survey 
Geographic Database (SSURGO) collected by 
Natural Resources Conservation Service (NRCS), 
United States Department of Agriculture (USDA) 
Watershed 
restoration 
areas 
Obtained from the Utah AGRC, created by Utah’s 
Watershed Restoration Initiative, a project of the 
Utah Division of Wildlife Resources 
Flooding 
frequency 
map 
Derived from the Soil Survey Geographic Database 
(SSURGO) collected by NRCS, USDA 
Surface water 
and wetlands Derived from NLCD for 2001 and 2011 
Scenario 
Assessment 
Irrigated 
agricultural 
lands use 
Derived from 2015 Utah’s Water-Related Land Use 
Dataset, created by Utah Division of Water 
Resources 
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Table 4.2 Results of measurements used in subdividing the WRMA. 
County names 
Existing urban 
extent in 2011 
(unit: km2) 
Growth rate 
2001–2011 
(unit: 
km2/year) 
Urban density 
in 2011 
(person/km2) 
AWMEI 
Box Elder 164.99 0.613 305.8735 0.58 Low Low Low Compact 
Cache 147.43 1.251 778.1441 0.47 Low Medium Medium Sprawl 
Davis 235.46 2.26 1327.628 0.53 Medium High High Compact 
Morgan 17.69 0.484 546.5667 0.48 Low Low Low Sprawl 
Salt Lake 673.62 1.274 1552.56 0.55 High Medium High Compact 
Summit 78.93 0.696 471.3943 0.48 Low Low Low Sprawl 
Tooele 128.18 0.56 461.3221 0.57 Low Low Low Compact 
Utah 380.7 2.62 1394.238 0.44 Medium High High Sprawl 
Wasatch 56.1 1.261 435.9591 0.30 Low Medium Low Sprawl 
Weber 207.28 1.5 1125.271 0.51 Medium Medium Medium Compact 
Notes: Ranges for values used to categorize the patterns were as follows: 
Urban extent: low (< 165.00); medium (165.01–381.00); high (> 381.01).  
Growth rate: low (0.4–0.7); medium (0.71–1.5); high (1.51–2.7). 
Urban density: low (305.00-547.00); medium (547.01-1126.00); high (1126.01–
1555.00). 
AWMEI: sprawl (0.3–0.49); compact (0.491–0.58). 
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Table 4.3 Diffusion coefficient multiplier (DM) values for each subregion.  
Subregion Names DM 
Cache County  0.007 
Salt Lake-Davis-Weber  0.0001 
Utah County  0.0018 
Tooele-Box Elder  0.0043 
Wasatch-Summit-Morgan 0.012 
Whole WRMA Region 0.01 
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Table 4.4 Parameter set for each subregion. 
Subregion names Diffusion Breed Spread Slope Road gravity 
Cache County 1 100 1 1 50 
Salt Lake-Davis-Weber 25 1 50 1 50 
Utah County 1 100 25 25 75 
Tooele-Box Elder 1 1 1 1 25 
Wasatch-Summit-Morgan 75 100 1 1 50 
Whole WRMA 25 1 25 100 100 
 
 
		
Table 4.5 Calibration accuracy results for each subregion.  
Subregion 
2006 
actual 
urban 
pixel 
2006 
simulated 
urban 
pixel 
2006 
PFD 
2011 
actual 
urban 
pixel 
2011 
simulated 
urban 
pixel 
2011 
PFD 
2006 
actual 
urban 
cluster 
2006 
simulated 
urban 
cluster 
2006 
CFD 
2011 
actual 
urban 
cluster 
2011 
simulated 
urban 
cluster 
2011 
CFD 
Cache 
County 153300 147573 -0.04 163653 149462 -0.09 10595 10713 0.01 10389 10639 0.02 
Salt Lake-
Davis-
Weber 
1187195 1208329 0.02 1239495 1333773 0.08 6317 6884 0.09 6055 5674 -0.06 
Utah 
County 391120 374972 -0.04 422702 422364 0.00 5375 5803 0.08 5268 5360 0.02 
Tooele-
Box Elder 313536 310759 -0.01 325466 314177 -0.03 15585 15469 -0.01 15297 15364 0.00 
Wasatch-
Summit-
Morgan 
155188 157808 0.02 169665 159849 -0.06 16697 17081 0.02 16476 17240 0.05 
Whole 
WRMA 
Region 
2207142 2221208 0.01 2321278 2454573 0.06 54237 54379 0.00 53488 52702 -0.01 
Note: negative values indicate underestimation while positive values indicate overestimation. 
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Table 4.6 Results of urban extent under different scenarios and modeling approaches. 
Subregion 
Names 
Urban 
extent in 
2011 
Urban extent in 2040 
separated subregion models 
Urban extent in 2040 
singular WRMA region-wide model 
Business as 
Usual 
Scenario 
Agriculture 
Conservation 
Scenario 
Healthy 
Watershed 
Scenario 
Business as 
Usual 
Scenario 
Agriculture 
Conservation 
Scenario 
Healthy 
Watershed 
Scenario 
Cache County 147.29 156.73 152.10 151.66 368.35 175.69 175.94 
Salt Lake- 
Davis-Weber 1115.55 1491.94 1419.85 1197.14 1358.70 1177.20 1150.90 
Tooele- 
Box Elder 292.92 310.74 303.67 303.97 772.80 366.47 372.86 
Utah County 380.43 637.41 488.29 523.59 572.99 411.91 416.91 
Wasatch-
Summit-
Morgan 
152.70 162.52 159.76 159.29 305.74 176.39 176.90 
Whole WRMA 
Region 2088.88 2759.33 2523.66 2335.65 3378.59 2307.67 2293.51 
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Table 4.7 Estimated volumes of water affected by agricultural lands to urban development transition under each scenario (Unit:  
acre-foot). 
SUBREGION	
NAMES 
URBAN	EXTENT	IN	2040	 
SEPARATED	SUBREGION	MODELS 
URBAN	EXTENT	IN	2040	 
SINGULAR	WRMA	REGION-WIDE	MODEL 
Business as 
Usual 
Scenario 
Agriculture 
Conservation 
Scenario 
Healthy 
Watershed 
Scenario 
Business as 
Usual 
Scenario 
Agriculture 
Conservation 
Scenario 
Healthy 
Watershed 
Scenario 
Cache County 2494.33 1031.00 1237.56 76271.08 7718.38 9501.16 
Salt Lake-
Davis-Weber 63961.55 46066.49 11570.96 42548.96 8631.69 5176.01 
Tooele- 
Box Elder 2499.14 1360.05 1576.22 92504.66 11622.60 14752.23 
Utah County 54261.03 16689.33 28409.21 42807.76 4834.34 6759.44 
Wasatch-
Summit-
Morgan 
750.58 342.87 444.94 23090.89 2037.98 2642.05 
Whole 
WRMA 123966.63 65489.73 43238.89 277223.35 34844.99 38830.88 
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Fig. 4.1. Location of the Wasatch Range Metropolitan Area and its land cover in 2011. 
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Fig. 4.2. Results of subdivision analysis for the WRMA. 
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Fig. 4.3. Model validation results. Panels (a) and (b) show the mismatches between the modeled urban extent and the actual 
urban extent in 2006 and 2011, respectively, when SLEUTH-3r is applied to each subregion individually. Panels (c) and (d) 
show the mismatches between the modeled urban extent and the actual urban extent in 2006 and 2011, respectively, when 
SLEUTH-3r is applied to the WRMA as a singular area.  
 
(a) (b)
(c) (d)
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Fig. 4.4. Simulation results of the WRMA future urban growth. Panels (a), (b), and (c) represent an aggregated future land use under 
Business as Usual scenario, Agricultural Conservation scenario, and Healthy Watershed scenario, respectively, when each subregion 
is being modeled separately. Panels (d), (e). and (f) represent the WRMA region-wide modeling results under Business as 
Usual scenario, Agricultural Conservation scenario, and Healthy Watershed scenario, respectively.  
(a) (c)(b)
(d) (f)(e)
Urban Agriculture Grassland Forest Water Wetland Barren
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Fig. 4.5. Simulated new urban growth from 2011 to 2040. Panels (a), (b), and (c) represent an aggregated new urban development 
under Business as Usual scenario, Agricultural Conservation scenario, and Healthy Watershed scenario, respectively, when each 
subregion is being modeled separately. Panels (d), (e), and (f) represent the WRMA region-wide modeling results under Business as 
Usual scenario, Agricultural Conservation scenario, and Healthy Watershed scenario, respectively. 
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(d) (f)(e)
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Fig. 4.6 (a) 
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Fig. 4.6 (b). 
 
Fig. 4.6. Land sources of urban development. Panel (a) displays results when the model is applied subregionally, and Panel 
(b) displays results when the model is applied to the WRMA as a singular study area.
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CHAPTER V 
CONCLUSION 
Knowledge of land use patterns and trends is the foundation to understand issues 
related to urban growth. My dissertation contributes important insights into landscape 
transformations occurring in Utah’s urbanizing Wasatch Range Metropolitan Area 
(WRMA). It is of value as a science-based foundation for informing the crafting of 
effective land use policies for the future.  
In Chapter II we used quantitative measurements to understand where, how, and 
at what pace urban growth occurred in the WRMA’s urbanizing landscape in the past. 
Comparing a diversified set of the WRMA counties based on their observed historical 
growth patterns, we found that there is variability between and within counties in terms 
of their growth rates, patterns, densities, and processes. Although regional land use 
planning is necessary to coordinate the direction of where and how future growth will 
take place, it is also important to develop localized and contextualized growth 
management strategies in each county to enable people to act effectively in managing 
growth. When it comes to future growth management, increasing urban density and land 
use efficiency have been identified as key strategies by several counties in the heart of the 
region that have reached the limits of their capacity for future urban expansion.  
In Chapter III we used landscape metrics and urban gradient analysis to examine 
how agricultural landscapes changed in relation to urban development between 1986 and 
2015. Specifically, we looked at both irrigated agricultural landscapes and non-irrigated 
agricultural landscapes in northern Utah over the past 30 years. We found that irrigated 
agricultural lands have become more fragmented due to the effects of urbanization. 
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Irrigated agricultural lands also are more affected by urban development than non-
irrigated agricultural lands. In addition, we identified that most of the hotspots of 
agricultural landscape changes are located within 1-km distance to new urban 
development. These hotspots identify locations where actions are needed to stop further 
fragmentation and enact protections from the pressures of new urban development if 
agricultural lands preservation is desired.  
In Chapter IV we used SLEUTH-3r to simulate regional growth under three 
scenarios in the WRMA. We found that subregions within the WRMA responded to each 
scenario differently, and one scenario that achieves its design objectives well in one 
subregion might not work well in the other subregions. This finding reinforces the need 
to develop contextualized and localized growth management plans within an overall 
regional plan. Additionally, our modeling results reveal that agricultural lands and 
wetlands emerge as the major land sources for future urban development under all 
scenarios. Directing political attention and actions to these potential urban growth areas is 
necessary for agricultural and wetland land preservation.  
Overall, this dissertation research provides useful information to understand the 
variations of land use dynamics in the WRMA region and to evaluate the trade-offs 
between urban development, agricultural and wetland land loss, and the potential 
complications for water management. We aimed to provide useful information for 
consideration by Utah’s land use planners and decision makers who are tasked with 
addressing the WRMA’s multiple land-use-related public policy issues. Furthermore, 
understanding how changing land uses would affect the sustainability of urban and 
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natural systems will not only be beneficial for Utah’s future, but will also be relevant to 
most growing cities in the arid western United States. 
 
 
  
		
143 
CURRICULUM VITAE 
Enjie Li 
Department of Environment and Society & Ecology Center 
S.J. & Jessie E. Quinney College of Natural Resources, Utah State University 
5215 Old Main Hill, Utah State University, Logan, Utah 84322-5215 
Telephone: 530-219-6581, Email: enjie.li@aggiemail.usu.edu 
 
EDUCATION  
 
• Ph.D. in Environment and Society (defended, 2017) 
   Department of Environment and Society & Ecology Center, Utah State University 
• M.S. in Bioregional Planning (2012)  
   Department of Environment and Society, Utah State University 
• B.S. in Rangeland Science (2010)  
   Department of Rangeland Science, China Agricultural University 
 
RESEARCH EXPERIENCE 
 
• Geographic Information System (GIS) Researcher, Natural History Museum of 
Los Angeles County/ The Nature Conservancy (2017-present) 
§ Organizing and compiling biodiversity dataset  
§ Analyzing factors affecting urban biodiversity variation  
§ Developing assessment framework for urban biodiversity  
§ Instigating urban planning and conservation planning strategies for greater urban 
biodiversity in Los Angeles County 
 
• Graduate Research Fellow, iUTAH (innovative Urban Transitions and Aridregion 
Hydro-sustainability), EPSCoR, NSF (2013-2016) 
§ Conceptualizing and simulating future alternative land use scenarios  
§ Assessing conceptual, political and modeling challenges and solutions to 
synergizing water management and land use planning 
§ Examining Utah’s spatio-temporal dynamics of water-related agricultural land use  
§ Characterizing Utah’s historical urban growth  
§ Facilitating developing conceptual framework and model couplings for urban 
human-water system  
§ Collaborating on identifying neighborhood socio-ecohydrology typology  
§ Assisting design household water survey 
 
 
 
 
 
 
		
144 
• Research Assistant, Department of Environment and Society, Utah State 
University. (09/2011-07/2012) 
§ Land use and land cover dynamics under climate change in the Intermountain 
West 
§ Spatial land conversion between Bureau of Land Management (BLM) and Utah’s 
State Institutional Trust Land Administration (SITLA).  
  
PUBLICATIONS 
Li, E., S. Li and J. Endter-Wada (2016). Water-Smart Growth Planning: Linking Water 
and Land in the Arid Urbanizing American West.  Journal of Environmental Planning 
and Management, 1–17. https://doi.org/10.1080/09640568.2016.1197106 
 
Li, E., J. Endter-Wada and S. Li (2015). Characterizing and Contextualizing the Water 
Challenges of Megacities.  Journal of the American Water Resources Association 
(JAWRA) 51(3): 589-613. DOI: 10.1111/1752- 1688.12310.  Available at: 
http://onlinelibrary.wiley.com/doi/10.1111/1752-1688.12310/epdf 
 
Li, E., J. Endter-Wada and S. Li (2015). Linkages Between Water Challenges and Land 
Use Planning in Megacities. Water Resources IMPACT 17(1):9-12.  Available at: 
https://works.bepress.com/joanna_endterwada/78/ 
 
Li, E. (2013). Land Use and Land Cover Dynamics under Climate Change in Urbanizing 
Intermountain West: a Case Study from Cache County, Utah. M.S. Thesis, Utah State 
University.  Available at: http://digitalcommons.usu.edu/gradreports/246/ 
 
Toth, R.E., T. Allen, L. Long, E. Li, S. Frost, K. Young (2012). Spatial Conversions and 
Alternative Futures: SITLA/BLM: A Preliminary Analysis. Final Project Report, 
College of Natural Resources, Utah State University, Logan, UT, 84322 USA. 59 pgs. 
Available at: https://qcnr.usu.edu/pdfs/graduate_degrees/bioregional_planning/2011-
2012_Bioregional_Final_Report_0425.pdf 
 
DATA PRODUCT 
 
Li, E. (2016). Important categorical land use changes from 2001-2011, HydroShare. 
http://www.hydroshare.org/resource/a1055003e38b4710a766c6a1de39acee 
 
Li, E. (2016). Swaps and Persistence of WRMA's 30 years' Land Use Changes, 
HydroShare. 
http://www.hydroshare.org/resource/190c1a3f34d54064a0ceecff7d2db4ea 
 
Li, E. (2016). Changes of Agricultural Land Use in WRMA, HydroShare. 
http://www.hydroshare.org/resource/ca2fbdd5258846fda5f97c76127866f8 
 
Li, E. (2016), Future WRMA’s Land Use Dataset, HydroShare. 
http://www.hydroshare.org/resource/71e9164eb57a4e32b58ad6bbe831b3f6 
		
145 
AWARDS & HONORS 
 
Doctoral Researcher of the Year, 2016. Quinney College of Natural Resources, Utah 
State University. 
 
Boggess Award. The best paper published in the Journal of the American Water 
Resources Association of 2015.  
 
Outstanding Achievement Awards, 2013. American Planning Association - Utah Chapter. 
 
Selected Participant for Alan Alda Center for Commuting Science workshop, 2016. 
 
Selected Participant for National Socio-Environmental Synthesis Center (SESYNC) 
workshop, 2013. 
 
TRAINING & WORKSHOPS & CERTIFICATE 
 
Workshop on “Science Communication”. Alan Alda Center for Commuting Science, 
2016. 
 
Workshop on “Network Analysis”. Association of American Geographers Annual 
Conference, 2015. 
 
Workshop on “Land Use Change Science”. Association of American Geographers 
Annual Conference, 2015. 
 
Workshop on “Introduction to Unix Shell, Version Control with Git, Programming in 
Python, and Managing Data with SQL”. Software Carpentry & Utah State University, 
2015. 
 
Short Course on “GIS with R: GIS Data Management and Manipulation” Utah State 
University, 2014 
 
Short Course on “Interactive Visualization Tools for Socio-Environmental Data”. 
National Socio-Environmental Synthesis Center (SESYNC). 2013. 
 
Certificate of Clear Writing for NEPA Specialists. 2012 
 
Certificate of Managing NEPA Projects and Teams. 2012 
 
 
 
 
 
 
		
146 
SKILLS & TECHNIQUES 
 
• Languages: 
§ English (fluent) 
§ Mandarin Chinese (native) 
• Programming Language: 
§ Python: handling datasets, statistical analysis, spatial analysis, ArcPy 
§ R: spatial analysis, network analysis 
§ SQL: handling database 
§ C++ 
• Geospatial Software: 
§ ArcGIS 
§ QGIS Grass  
§ ERDAS 
§ FRAGSTATS 
§ CityEngine 
• Statistical Analysis Software: 
§ SPSS 
• Land Use Change Simulation: 
§ Cellular Automata Model: SLEUTH  
§ Artificial Neural Networks Model: Land Transformation Model  
§ TerrSet Geospatial Monitoring and Modeling Software 
• Design Software: 
§ Photoshop 
§ AutoCAD 
 
PROFESSIONAL PRESENTATIONS 
 
Li, E.  Land use dynamics and implications for water management in the urbanizing 
Wasatch Range Metropolitan Area of Utah.  Dissertation defense presentation. Logan, 
UT, USA, December 2016.  
 
Li, E.  Historical urban growth and future land use change in the urbanizing Wasatch 
Range Metropolitan Area, Utah.  Invited presentation at Idaho State University 
Geosciences departmental colloquium series. Pocatello, ID, USA, September 2016.  
 
Li, E.  The painful joy of academic collaboration.  Presentation at iUTAH Annual All-
Hands Meeting. Salt Lake City, UT, USA, July 2016.  
 
Li, E.  The painful joy of academic collaboration.  Presentation at Utah State University 
IGNITE Series. Logan, UT, USA, April 2016.  Available at: 
https://ignite.usu.edu/portfolio-items/enjie-li/ 
 
 
		
147 
Li, E., S. Li, and J. Endter-Wada.  The good, the bad and the ugly: 30 years of land use 
changes in the Wasatch Range Metropolitan Area, Utah.  Presentation at the 2016 
Association of American Geographers Annual Conference, San Francisco, California, 
USA, March 2016.  Available at: 
https://figshare.com/articles/The_good_the_bad_and_the_ugly_30_years_of_land_use
_changes_in_the_Wasatch_Range_Metropolitan_Area_/3153685 
 
S. Li, B. Yang, J. Endter-Wada and E. Li.  Integrating water and land use planning for 
wildlife habitat conservation.  Presentation at the 2016 Council of Educators in 
Landscape Architecture, Dilemma: Debate, Salt Lake City, Utah, USA, March 2016.  
 
 
Li, E., S. Li, and J. Endter-Wada.  Utah’s Land Use Change: Implications for Water 
Management & Land-Use Planning. Presentation at the 2015 American Water Works 
Association Annual Conference, Intermountain Section, Logan, UT, USA, September 
2015.  
 
Endter-Wada, J., A. Hall, D. Jackson-Smith, C. Flint, E. Li, P. Stoker, T. Carothers, S. 
Yeo.  Residential Water Customers for Promoting Urban Water Demand 
Management: Results from iUTAH 2014 Household Survey Presentation at the 2015 
American Water Works Association Annual Conference, Intermountain Section, 
Logan, UT, USA, September 2015.  
 
Li, E., S. Li, and J. Endter-Wada.  Spatiotemporal Dynamics of Water-Related 
Agricultural Land Use during Rapid Urbanization Process.  Presentation at the 2015 
Association of American Geographers Annual Conference, Chicago, Illinois, USA, 
April 2015.  
 
Endter-Wada, J., A. Hall, D. Jackson-Smith, C. Flint, E. Li, P. Stoker, T. Carothers, S. 
Yeo.  Characterizing Residential Water Customers for Promoting Urban Water 
Demand Management: Results from iUTAH 2014 Household Survey.”  Presentation 
at the American Water Resources Association (AWRA) 2015 Spring Specialty 
Conference: Water for Urban Areas – Managing Risks and Building Resiliency, Los 
Angeles, CA, USA, March 2015. 
 
Jackson-Smith, D., M. Buchert, P. Stoker, M. Cannon, S. Hinners, S. Li, J. Endter-Wada, 
C. Licon, Z. Bjerregaard, and E. Li.  Neighborhood Socio-Ecohydrology along a 
Gradient of Urbanization.  Presentation at the 2013 American Geophysical Union, San 
Francisco, California, USA, November 2013. 
 
Li, E., S. Li, and J. Endter-Wada.  Learning, Modeling, and Envisioning: An Application 
of Integrated Water and Land Use Planning. Presentation at the 2013 American Water 
Resources Association Annual Water Resources Conference, Portland, Oregon, USA, 
November 2013.  
 
		
148 
Li, E., J. Endter-Wada and S. Li.  Coupling Water and Land Use Planning in Mega 
Cities: A Review of Theoretical, Political, and Technical Integration Needs. 
Presentation at the 2013 American Water Resources Association International 
Specialty Conference: Water for Mega Cities: Challenges and Solutions. Beijing, 
China, September 2013. 
 
Li, E., S. Li, and J. Endter-Wada. 2013.  Water-Smart Growth: Integrating Water 
Management and Land Use Planning.  Presentation at the 9th Spring Runoff 
Conference: Integrating Physical, Social and Ecological Dimensions, Logan, Utah, 
USA, April 2013. 
 
SERVICE ACTIVITIES 
 
University  
• Organizing Committee Member, Spring Runoff Conference, 2014 
• Committee Member, Ecology Center Seminar Graduate Committee, 2013-2014 
 
Professional 
• Manuscript Reviewer, Journal of American Water Resources Association, 2014 
• Manuscript Reviewer, Journal of Environmental Management, 2016 
 
Mentorship 
• Undergraduate Mentor, iFellow of iUTAH. 2016 
 
PROFESSIONAL ASSOCIATIONS 
American Association of Geographers 
American Water Resources Association 
American Water Works Association 
 
